Formation of carbide derived carbon coatings on SiC by Cambaz, Zarife Göknur
  
 
 
 
 
Formation of Carbide Derived Carbon Coatings on SiC 
 
A Thesis  
Submitted to the Faculty  
of  
Drexel University  
by  
Zarife Göknur Cambaz 
in partial fulfillment of the  
requirements for the degree  
of  
Doctor of Philosophy  
December 2007  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
© Copyright 2007  
 
Zarife Göknur Cambaz. All rights reserved. 
 
 
 
  
ii
Dedications 
To my family (Gökhan, Nurdan, Gökmen Cambaz) 
 and  
To my husband Baran Büke 
 For their never-ending love and encouragement 
 
 
 
  
iii
Acknowledgments 
First and foremost I would like to thank my graduate advisor Prof. Yury Gogotsi 
who taught me how to be a successful researcher and teacher. He had confidence in me 
when I doubted myself, and brought out the good ideas in me. I could not imagine 
having a better advisor and mentor for my PhD. Without his encouragement and 
constant guidance, I could not have finished this dissertation. 
Special thanks go to Prof. Gleb Yushin, who is most responsible for helping 
me complete my PhD studies from the start in many aspects. Gleb has been a friend 
and a mentor. This work would not be possible without his patient guidance and 
assistance.  
I would also like to thank my thesis committee members Prof. Michael J. 
McNallan, Prof. Jonathan Spanier, and Prof. Christopher Li for their time, interest, and 
helpful comments. 
My thanks also go to Nanomaterials and Carbide derived carbon group, 
especially, Ranjan Kumar Dash, Davide Mattia, Sebastian Osswald, Elizabeth Hoffmann, 
Mickael Havel, Kris Behler, Cristelle Portet for their support and valuable discussions; to 
John Chmiola, Pia Rossi and Holly Burnside for proof-reading my manuscripts, 
presentations and posters. 
I am very grateful to Dr. Vadym Mochalin for his never ending questions, 
experimental help and useful discussions which helped to develop ideas put forward. I 
have learnt a lot from him. 
  
iv
I would also like to thank the entire academic and support staff of the Materials 
Science and Engineering Department at Drexel University, particularly to Judy 
Trachtman, Holly Burnside, Dorilona Rose, Shirin Karsan and Mr. Andrew Marx. 
I should like to acknowledge Mr. M. Kurtoglu and S. Pathak for helpful 
discussions; Prof. C. Li for providing access to the thermobalance, Solar Atmospheres for 
the vacuum furnace, Dr. K. Vishnyakova and Dr. V. Lutsenko for whisker samples; Dr. 
E. Flahaut (Toulouse, France), Arkema and Superior Graphite for providing carbon 
samples, and Instrinsic for SiC wafers.  
I would like to express my thanks to Ms. Dee Breger and Dr. Zhorro Nikolov 
for their time and great assistance in the Materials Characterization Facility (MSF) of the 
A.J. Drexel Nanotechnology Institute. MSF provided access to microscopes and 
spectrometers; and HRTEM, AFM were used in Penn Regional Nanotechnology Facility, 
University of Pennsylvania. 
I want to thank all the students for whom I acted as teaching assistant for their 
encouragement and for helping me improve myself to become an effective teacher. 
Last but not the least, I am thankful to my friends I met in Philly, especially to 
Svetlana Dimovski who has become a sister to me, Riad Gobran, Korhan Ciloglu, Jose 
Bermudez, Mert Sasoglu, Kivilcim Buyukhatipoglu, Eda Yildirim, Hoa Lam, Varun 
Gupta, and once again Vadym Mochalin, Davide Mattia, John Chmiola, Pia Rossi for 
always being there for me. I would also like to thank to Handan Beser who had a “little 
big” impact in my career. 
  
v
TABLE OF CONTENTS 
LIST OF TABLES........................................................................................................................viii 
LIST OF FIGURES ........................................................................................................................ ix 
ABSTRACT................................................................................................................................... xv 
1 INTRODUCTION ........................................................................................................................ 1 
2 LITERATURE REVIEW ............................................................................................................. 4 
2.1 Carbon................................................................................................................................. 4 
2.1.1 The carbon phase diagram............................................................................................ 5 
2.1.2 Graphene ...................................................................................................................... 7 
2.1.3 Graphite........................................................................................................................ 9 
2.1.4 Carbon nanotubes ....................................................................................................... 11 
2.1.5 Production techniques for carbon materials ............................................................... 14 
2.2 Silicon carbide .................................................................................................................. 16 
2.2.1 Historic overview ....................................................................................................... 16 
2.2.2 Crystal structure and properties.................................................................................. 17 
2.2.3 Selective etching of SiC ............................................................................................. 20 
2.3 Carbide derived carbon synthesis ..................................................................................... 24 
2.3.1 Chlorination at high temperatures .............................................................................. 24 
2.3.1.1 Historic overview................................................................................................. 24 
2.3.1.2 Thermodynamic simulations................................................................................ 25 
2.3.1.3 CDC structure ...................................................................................................... 27 
2.3.2 Thermal decomposition.............................................................................................. 33 
2.4 Summary and objectives ................................................................................................... 38 
3 MATERIALS AND METHODS ............................................................................................... 40 
3.1 Materials ........................................................................................................................... 40 
3.1.1 SiC Whiskers.............................................................................................................. 40 
3.1.2 6H-SiC single crystals ................................................................................................ 47 
3.1.3 Other materials used for comparison.......................................................................... 48 
3.2 Experiments ...................................................................................................................... 48 
3.2.1 Experimental set-up for chlorination.......................................................................... 48 
3.2.2 Vacuum furnace ......................................................................................................... 50 
  
vi
3.2.3 Wet etching ................................................................................................................ 51 
3.3 Materials characterization methods .................................................................................. 51 
3.3.1 Sample Preparation .................................................................................................... 51 
3.3.2 Raman spectroscopy................................................................................................... 52 
3.3.3 Scanning electron microscopy.................................................................................... 52 
3.3.4 Transmission electron microscopy............................................................................. 53 
3.3.5 X-Ray diffraction ....................................................................................................... 54 
3.3.6 Atomic force microscopy ........................................................................................... 54 
3.3.7 Nanoindentation (Depth-sensing indentation)............................................................ 54 
3.3.8 Thermogravimetric analysis ....................................................................................... 54 
3.3.9 Materials studio modeling .......................................................................................... 55 
3.3.10 Safety issues ............................................................................................................... 55 
4 RESULTS AND DISCUSSION................................................................................................. 56 
4.1 CDC formation on SiC Whiskers ..................................................................................... 56 
4.1.1 Chlorination................................................................................................................ 56 
4.1.1.1 Kinetics ................................................................................................................ 56 
4.1.1.2 Morphology ......................................................................................................... 58 
4.1.1.3 Initial stages of transformation ............................................................................ 60 
4.1.1.4 Effect of chlorination temperature ....................................................................... 62 
4.1.1.5 Effect of hydrogen ............................................................................................... 63 
4.1.2 Vacuum Decomposition ............................................................................................. 66 
4.1.2.1 Morphology of the CDC coating ......................................................................... 66 
4.1.2.2 CNT observations ................................................................................................ 70 
4.1.2.3 Effect of size ........................................................................................................ 70 
4.2 Comparison of dry etching with wet etching.................................................................... 72 
4.2.1 SiC surface after the removal of CDC coating........................................................... 72 
4.2.2 Wet etching experiments ............................................................................................ 73 
4.3 CDC formation on 6H-SiC single crystalline wafers........................................................ 79 
4.3.1 Chlorination................................................................................................................ 79 
4.3.2 Vacuum decomposition.............................................................................................. 80 
4.3.2.1 High Vacuum Experiments.................................................................................. 81 
4.3.2.2 Explanation to the different decomposition behavior of Si and C Faces: 
Effects of initial surface conditions on decomposition rate of SiC................................... 86 
4.3.2.3 Effect of oxygen on carbon structures formed..................................................... 88 
  
vii
4.4 Characterization and Properties of Highly ordered CNTs produced on Si face ............... 92 
4.4.1 Raman spectroscopy analysis ..................................................................................... 92 
4.4.2 Calculation of density of the coating and number of extra carbon atoms needed 
for CNT formation ................................................................................................................ 96 
4.4.3 Properties of the CNTs ............................................................................................. 100 
4.4.3.1 Oxidation resistance........................................................................................... 100 
4.4.3.2 Mechanical properties........................................................................................ 102 
4.4.4 Patterning of the CNTs............................................................................................. 103 
4.5 Explanation of the carbon formation on SiC at high temperatures (T>1400ºC)............. 105 
5 CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK.......................................... 108 
5.1 Conclusions..................................................................................................................... 108 
5.2 Suggestions for future work............................................................................................ 111 
List of References ........................................................................................................................ 112 
APPENDIX A: LIST OF SYMBOLS AND ABBREVIATIONS............................................... 129 
VITA............................................................................................................................................ 131 
 
 
 
 
 
 
  
viii
LIST OF TABLES 
 
Table 2-1 Classification of etching methods for SiC..................................................................... 21 
Table 4-1 Positions of Raman bands for common SiC polytypes (according to reference 
[160]). ............................................................................................................................................ 76 
Table 4-2 Calculated coating density and number of extra carbon atoms needed to form 
specified SWCNT, DWCNT and MWCNT. ................................................................................. 98 
 
  
ix
LIST OF FIGURES 
Figure 2-1 Carbon allotropes in a ternary diagram (adopted and modified from [6]). .................... 5 
Figure 2-2 Phase diagram for carbon [7] ......................................................................................... 6 
Figure 2-3 Schematic representation of the most stable carbon phase, depending on the size of 
the carbon structure [8]. ................................................................................................................... 7 
Figure 2-4 Graphene as a 2D building block for other carbon materials [9]. .................................. 8 
Figure 2-5 (a) Crystal structure of hexagonal graphite (b) View of graphite from top 
(perpendicular to the basal plane) (adopted and modified from [20]) ........................................... 10 
Figure 2-6 Schematic illustration of crystallite imperfections in graphite showing (a) vacancy 
(b) stacking fault, and disinclination [20]; (c) schematic illustration of polycrystalline 
graphite [21]................................................................................................................................... 11 
Figure 2-7 Carbon nanotube structure. Carbon nanotube can be considered as a rolled sheet of 
graphene. Arrows show three different rolling directions giving rise to armchair, chiral and 
zig-zag type of nanotubes. ............................................................................................................. 13 
Figure 2-8 Comparison of CDC synthesis and carbon deposition process on SiC. ....................... 15 
Figure 2-9 (a) SiC tetrahedron, (b) Si-C bilayer ............................................................................ 19 
Figure 2-10 SiC crystal structure showing (a) the stacking sequence of bilayers along c-axis 
(0001) (b) the [11-20] plane of the three most common SiC polytypes. ....................................... 19 
Figure 2-11 Thermodynamic analysis for chlorination of  SiC in 5 mol of Cl2 [86]. .................... 26 
Figure 2-12 HRTEM images of various carbon structures produced by chlorination of 
carbides: (a) amorphous carbon, (b) turbostratic graphite, (c) fullerene-like carbon, (d) 
nanodiamond, (e) carbon onion (f) graphite ribbons, (g) CNTs, (h) barrel-like particles, (i) 
and ordered graphite. Scale bar, 5 nm [3]. ..................................................................................... 31 
Figure 2-13 A schematic illustration of the location of various phases in CDC films [73]........... 31 
Figure 2-14 Kinetics data plot for chlorination of SiC (a) bulk ceramics and (b) fibers. .............. 32 
Figure 2-15 Cross-sectional HRTEM images showing surfaces of the C face heated at (a) 
1250ºC, (b) 1300ºC, (c) the Si face heated at 1350ºC for half an hour; (d) C face, (e) Si face 
heated at 1700ºC for half an hour. Inset in (d) shows the CNT film observed along a CNT 
axis plan-view direction (adopted and modified from) [119, 122]. ............................................... 35 
Figure 2-16 Examples of in-situ HRTEM images of carbon nanotubes at 1360ºC. (a) SWNT 
with a diameter of 0.8 nm, near to the size of a fullerene C60, 0.7 nm (b) SWNT with a 
diameter of 1.5 nm (c) DWNT (d) DWNT shaped like a water-drop. An inner ring in 
  
x
concentric circles has a weak intensity compared to the outer one. It is suggested that the 
inner ring forms after the formation of the outer one [137]. .......................................................... 36 
Figure 2-17 STM image of SiC Si surface after vacuum annealing a 1650°C [133]..................... 37 
Figure 3-1 Micrographs of samples produced by carbothermal reduction at around 1750ºC 
from carbon fibers covered with silica: SEM images of crystallized SiC fiber surface at (a) 
low and (b),(c) high magnification, with crystalline grains 200–300 nm in size clearly visible; 
(d) low and (e) high magnification SEM images of bunch of SiC whiskers growing on SiC 
fiber, most whiskers having columnar shape with average diameter 200–300 nm; (f) low and 
(inset) high resolution TEM micrographs of SiC whisker, former showing streaks primarily 
due to stacking faults in -SiC [141]. ............................................................................................ 42 
Figure 3-2 XRD patterns of SiC whiskers showing cubic () SiC crystal phase: small peak at 
around 34º characteristic of - SiC is attributable to stacking faults in -SiC. ............................. 43 
Figure 3-3 Raman spectra taken from a single whisker and a whisker cluster .............................. 44 
Figure 3-4 (a,b) SEM and (c,d) TEM micrographs of Type 2 whiskers . ...................................... 45 
Figure 3-5 SEM micrographs of Type 3 nanowhiskers. ................................................................ 46 
Figure 3-6 Raman spetra of as-received SiC nanowhiskers........................................................... 46 
Figure 3-7 Raman spectra of as-received 6H-SiC ......................................................................... 47 
Figure 3-8 Optical microscope images of (a) Si and (b) C face of as-received SiC wafer. ........... 48 
Figure 3-9 Experimental setup for chlorination. ............................................................................ 49 
Figure 3-10 (a) Schematic illustration of side view and (b) top view of graphite sample 
crucibles (c) Vacuum furnace at Drexel University, donation to the Department of Materials 
Science and Engineering by Solar Atmospheres, Inc. A large (7.5” diameter x 14.5” deep) hot 
zone constructed with energy efficient graphite insulation allows a maximum temperature of 
~ 2200ºC with extremely high thermal uniformity within the zone (± 5ºF). ................................. 50 
Figure 3-11 Effect of accelerating voltage on SEM imaging. (a) Image obtained with 30 kV 
acceleration voltage. (b) Image obtained with 3 kV. One can see the surface details more 
clearly in (b)................................................................................................................................... 53 
Figure 4-1 Kinetics data plot for chlorination of SiC by reaction 4-1 in chlorine environment: 
thickness of the carbide-derived carbon (CDC) coating formed at 700C as a function of time. 
The standard deviation of the experimentally observed CDC thickness values (d) are 
indicated by vertical bars on the plot. ............................................................................................ 57 
Figure 4-2 (a) Transmission electron microscopy micrographs and (b) Raman spectra of SiC 
whiskers at different stages of the transformation to carbon: (i) initial: as-received SiC 
whisker, (ii) intermediate: carbon coating on SiC whisker, and (iii) final: completely 
transformed to amorphous carbon. The whiskers were treated in Cl2 at 700C (ii) and 1200C 
(iii). ................................................................................................................................................ 59 
  
xi
Figure 4-3 (a) Scanning electron microscopy micrograph showing an amorphous carbon 
whisker obtained by chlorination of a cubic-SiC whisker for 5 min at 1200C in a Cl2 
environment. (b) High-resolution transmission electron microscopy (HRTEM) image of 
carbide-derived carbon (CDC) coating on a SiC whisker after chlorination for 1 h at 750C. ..... 60 
Figure 4-4 (a) HRTEM micrograph of the interface between the carbon coating and the SiC. 
(b) Schematic of projected structure of the 3C-SiC/carbon interface. ........................................... 61 
Figure 4-5 (a) Raman spectra of the whiskers chlorinated for 5 min at various temperatures; 
(b) ratio of the integral intensities of D- and G-bands (R) as a function of chlorination 
temperature. ................................................................................................................................... 63 
Figure 4-6 Scanning electron microscopy (a) and TEM micrographs (b–d) of the carbide-
derived carbon coating on a SiC whisker produced by treatment in HCl for 9 h at 1200C. ........ 65 
Figure 4-7 Raman spectrum of a whisker processed in HCl for 9 h at 1200C............................. 66 
Figure 4-8 Transmission electron microscopy micrographs of carbide-derived carbon coatings 
(a) on the surface and (b) at the corners (c) SEM image of the whiskers obtained by a 30-min 
annealing of SiC whiskers in high vacuum at 1700C. ................................................................. 67 
Figure 4-9 Micrographs of carbide-derived carbon whiskers obtained by a 30-min annealing 
of SiC whiskers in high vacuum (P=10-6 Torr) at 2000C: (a) transmission electron 
microscopy micrograph; the inset shows a magnified image of one of the steps on the whisker 
surface; (b) scanning electron microscopy micrograph of a similar graphite whisker obtained 
in the same experiment. ................................................................................................................. 68 
Figure 4-10 Raman spectra of the carbide-derived carbon (CDC) specimen prepared by a 30-
min vacuum treatment of SiC whiskers at (a) 1700C and (b) 2000C......................................... 69 
Figure 4-11 Tip of a broken SiC whisker annealed in vacuum at 1700°C for 30 min: TEM (a) 
and HRTEM of the framed section of the whisker (b), demonstrating growing MWCNT-like 
structures [3]. ................................................................................................................................. 70 
Figure 4-12 (a) TEM image and (b) Raman spectrum of nanowhiskers vacuum annealed in 
1700ºC for 30 min.......................................................................................................................... 71 
Figure 4-13 Surface of a whisker after removal of carbon coating by oxidation. (Carbon 
coating was produced by chlorination for 7hr at 700ºC). .............................................................. 73 
Figure 4-14 (a,b) SEM and (c-f) TEM micrographs of etched SiC whiskers. (g) EDS spectra 
taken from etched whiskers. .......................................................................................................... 74 
Figure 4-15 Raman spectra of as-grown and etched SiC whiskers produced by analyzing large 
clusters of whiskers for a statistically averaged result. .................................................................. 75 
Figure 4-16 SEM image of the etched whiskers’ (a) surface, (b,c) fractured cross section, (d) 
TEM image of a SiC whisker cross section showing partial dislocations lying in the radial 
directions and core region, from ref. [162] (e) Schematic drawing of the whisker cross-section 
showing the SF and dislocation regions......................................................................................... 77 
  
xii
Figure 4-17 A simple quantum well model for the stacking fault structure [163]......................... 78 
Figure 4-18 SEM pictures of (a) Si and (b) C surface of the 6H single crystalline wafers after 
chlorination at 1000ºC or 7 hr.(c) Raman spectra taken from different regions (as numbered 
in a and b) of the sample surfaces. (1) From Si face without carbon formation, (2) From Si 
Face, inside the hexagonal etch pit, showing carbon formation, (3,4) From C face (d) optical 
microscope image of hexagonal pits produced on Si face. ............................................................ 80 
Figure 4-19 Carbon formation on 6H SiC. Raman spectra of an as-received SiC wafer and 
carbon structures formed on a, Si face, and b, C face by annealing for 4 hrs at different 
temperatures (excitation wavelength 514.5 nm). Optical photographs of wafers are overlaid to 
show color change as the thickness of the carbon film increases with temperature. ..................... 81 
Figure 4-20 Wrinkled graphite on the Si face of SiC annealed in vacuum. (a) AFM and (b) 
SEM image of the Si face of SiC annealed for 4 h in vacuum at 1400C.  Wrinkles (0.5-2 nm 
in height) are occasionally observed near the surface steps (steps are almost invisible). RMS 
roughness of the surface = 0.42 nm. (c) AFM image of the Si face of SiC annealed for 4 h in 
vacuum at 1600C. Wrinkle height is 1-2 nm in average. Wrinkle width is beyond the 
microscope/probe resolution (< 10 nm).  RMS surface roughness = 0.8-0.9 nm (d),(e) SEM 
image of the Si face of SiC annealed for 4 h in vacuum at 1900C. Fracture surface in (e) 
shows that bright lines in (d) are wrinkles in graphite. (f) AFM image interpreted as SWCNTs 
on SiC [139]................................................................................................................................... 83 
Figure 4-21 Raman spectra  (G´ or 2D band) of graphene (a) produced at different 
temperatures in comparison(b) with Raman spectra of different number of graphene layers 
[159]............................................................................................................................................... 84 
Figure 4-22 Carbon structures formed on SiC (000-1)C face after vacuum annealing for 4 hr 
at (a) 1400ºC, (b) 1600ºC and (c) 1900ºC...................................................................................... 85 
Figure 4-23 Accelerated transformation of Si face to carbon at 1700C induced by (a) a 
scratch on Si face (b,c) by surface painting of Si and C face, respectively. .................................. 87 
Figure 4-24 (a) SEM and (b) AFM images of the graphite coating formed on Si face after 
vacuum annealing for 4h at 1900ºC in low vacuum (1x10-4 Torr). At this temperature 
wrinkles become wider (up to 50 nm) and surface steps are not visible any longer. Wrinkle 
height is around 3-6 nm. Graphite flakes are visible. RMS roughness = 2-2.5 nm. ...................... 88 
Figure 4-25 Dense CNT forest formed on C face by vacuum annealing for 4hr at 1900C in 
low vacuum.................................................................................................................................... 89 
Figure 4-26 Phase diagram for the interaction of O2 with the 6H–SiC (000-1) face showing 
the active–passive boundary [175]................................................................................................. 89 
Figure 4-27 SEM micrographs of CNTs formed after 4 hr at low vacuum (10-4 Torr) at 
1900C on (a,b) C face and (c) Si face. (Synchronous tilting of nanotubes after scratching the 
surface shows that their sides are not interconnected and they are free to slide against each 
other.) ............................................................................................................................................. 91 
  
xiii
Figure 4-28 SEM micrographs of CNTs formed (a) on C face (thickness = 400nm (b) on Si 
face (thickness = 310nm) by annealing for 4 hrs at 1700C in CO2. ............................................. 92 
Figure 4-29 (a) low magnification SEM image (b) schematic drawing of the CNT carpet 
scratched surface, produced by annealing the Si surface at 1900ºC, for 4 hr (P=10-4 Torr) (c) 
Single nanotubes lying in the scratched region.............................................................................. 92 
Figure 4-30 Raman spectra of CNT carpets recorded from top and side surface. CNT carpet 
was produced by annealing the Si face for 4 hr at 1900ºC (P=10-4 Torr). ..................................... 93 
Figure 4-31 Raman spectra and TEM micrographs showing presence of small-diameter 
nanotubes.  (a) RBM range of typical Raman spectra obtained at three different excitation 
wavelengths. Different nanotubes are resonantly enhanced by different lasers. (b) TEM image 
of a CNT brush. (c), TEM image of a SWCNT. (d-f) CNTs built of 2, 3 and 4 graphene 
layers. Both open and dome-capped CNTs can be seen in (e). All spectra and images come 
from CNTs formed on the Si face by annealing for 4hrs at 1700C and 10-4 Torr in the 
presence of CO2. ............................................................................................................................ 94 
Figure 4-32 Comparison of Raman spectra of SiC-derived CNTs with those of DWCNT and 
small-diameter MWCNT.  TEM inset shows a DWCNT in the CNT film on SiC grown at 
1700°C at 10-4 Torr. (laser=633nm) ............................................................................................... 96 
Figure 4-33 A model for the close-packed CNT coating............................................................... 97 
Figure 4-34 Calculated number of extra carbon atom needed with respect to the diameter of 
SWCNT. ........................................................................................................................................ 99 
Figure 4-35 (a) Thermogravimetric curves recorded in air for  carbon on SiC produced by 
annealing at 1900°C in comparison with DWCNT, MWCNT and carbon black. (b) 
Comparison of Raman spectra of SiC-derived CNTs before and after oxidation in air. High 
oxidation resistance of catalyst-free CNTs has been demonstrated. Samples were heated to 
580°C at 5°C/min. Spectra were recorded from the surface of the film, leading to a higher D-
band intensity. 633 nm excitation wavelength was used. ............................................................ 101 
Figure 4-36 A typical stress-strain curve obtained on the CNT film grown on the Si face of 
SiC at 1700°C with CO2 addition. ............................................................................................... 103 
Figure 4-37 Patterning of SiC wafers. (a) Deposition of amorphous carbon shields the SiC 
surface and nanotubes are only formed on the open areas of the C face. (b) Optical 
micrograph of the wafer surface with CNT and graphite pattern produced by using a TEM 
grid as a mask for a-C deposition. Silica or silicon nitride can be used for masking, if an 
insulating surface coating is needed. (c) SEM micrograph showing the boundary between the 
sputtered and open areas. (d) Coating with a fluxing agent that helps to remove the native 
silica films leads to localized formation of CNTs on the Si face of SiC. (e) SEM micrograph 
showing that CNTs grow on the patterned areas, while graphite covers the remaining surface. 
Wafers were treated at 1700°C. ................................................................................................... 104 
Figure 4-38 Models of the atomic structure of (a) SiC crystal, (b) graphite growing on both 
faces at moderate temperatures, (c) CNTs growing on the C face at high temperatures and (d) 
CNT formation on both faces of SiC. .......................................................................................... 105 
  
xiv
Figure 4-39 Comparison of the decomposition of  (a) smooth and (b) rough SiC surfaces. ....... 106 
 
  
xv
ABSTRACT 
Formation of Carbide Derived Carbon Coatings on SiC 
Zarife Göknur Cambaz 
Yury Gogotsi, Ph.D 
 
 
 
Control over the structure of materials on nanoscale can open numerous 
opportunities for the development of materials with controlled properties. Carbon, which 
is one of the most promising materials for nanotechnology, can be produced by many 
different methods. One of the most versatile, in terms of a variety of structures 
demonstrated (graphite, porous amorphous carbon, nanotubes, graphene and diamond), is 
selective etching of SiC and other carbides. Since the Si atoms are extracted layer by 
layer, atomic level control of the carbon structures can potentially be achieved without 
changing the size and shape of the sample. Carbon produced by this method is called 
Carbide-Derived Carbon (CDC). 
In this work, CDC formation was studied on single crystalline 3C-SiC whiskers 
and 6H-SiC wafers by chlorination and vacuum decomposition at high temperatures with 
the goals to better understand the mechanism of carbide-to-carbon transformation and 
determine conditions for synthesis of desired carbon structures. The reaction kinetics, 
morphology and shape conservation were investigated at nanoscale. The transformation 
mechanism of the SiC surface to carbon was discussed in detail accounting to the effects 
of processing parameters (temperature, and composition of the environment), and 
material parameters (surface conditions, surface chemistry, crystal face, etc.). The 
  
xvi
characterization of the carbon structures was performed by using scanning electron 
microscopy (SEM), Raman spectroscopy and transmission electron microscopy (TEM). 
We compared chlorination of SiC whiskers with wet etching and showed that 
chlorination revealed the dislocations, while wet etching resulted in pagoda-like 3-D 
nanostructures upon selective etching of stacking faults (SFs). The difference in etching 
mechanisms was discussed.  
We determined the processing conditions for controlled synthesis of carbon 
structures like graphene, graphite and carbon nanotubes (CNTs) on the surface of -SiC 
wafers by decomposition in low vacuum. CNT brushes grown on SiC showed good 
mechanical properties and high oxidation resistance. Moreover, we showed that patterns 
of graphite and catalyst-free nanotubes can be grown simultaneously and directly on a 
semiconductor SiC wafer. Devices built in this way can be used in applications from 
sensing to field emission.  
 
 
 
 
 
 
 
 
  
1
1 INTRODUCTION 
 
Pure elemental carbon has been one of the most important inorganic materials for a 
long time and its importance has further increased in the nanotechnology age. One of the 
reasons for this is that carbon exists in different allotropes: graphite, diamond, fullerene and 
carbine, which have numerous applications. In addition to the known carbon allotropes, 
amorphous or disordered carbons, fullerene derivatives such as nanotubes, single sheet of 
graphite, known as graphene, are developing into a new industrially important class of 
materials. 
There are many ways to produce carbon materials. Very high temperatures are 
typically required for synthesis of ordered graphite because of a very low mobility of carbon 
atoms in its covalently bonded layers. Diamond is produced either at high pressures or by 
using plasma detonation and other high-energy techniques. Fullerenes and nanotubes are 
manufactured in plasma as well. Chemical vapor deposition (CVD) is currently the most 
common method for synthesis of thin and thick films of ordered and disordered graphitic 
carbon, diamond, and nanotubes. Many porous and disordered carbons, including carbon 
fibers and activated carbons, are made by thermal decomposition of organic compounds.  
The age of nanotechnology requires new methods that would enable engineers to 
control the growth of carbon materials at the atomic level, provide a better control over the 
structure of carbon materials as well as capability to produce novel carbon structures, such as 
nanotubes and graphene, at required location on the wafer surface. 
It has been previously shown that selective etching of carbides is an attractive 
technique for synthesis of various carbon structures [1-3]. High-temperature treatment in 
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halogens or vacuum decomposition can be used to remove metals from carbides producing 
Carbide Derived Carbon.  
SiC is the most widely studied substrate for CDC growth because of its relatively low 
cost and numerous applications ranging from electronics to micro-electro-mechanical 
systems (MEMs), composites, abrasives and wear-resistant components. Therefore, SiC with 
carbon coatings can find numerous applications ranging from tribology to electronics.  
Significant progress in CDC synthesis has been achieved over the past decade [3], but 
there is still no complete understanding of the mechanisms governing the formation of 
different carbon structures. Linear reaction kinetics has been demonstrated for the sintered 
ceramics [4] and SiC fibers [5], but the kinetics of the SiC decomposition in single-
crystalline materials has not been reported. Conservation of shape during the CDC synthesis 
was observed in macro- and microscopic objects, such as sintered bulk carbide ceramics or 
SiC fibers [4, 5]   but not in submicrometer objects. It has not been known how precisely the 
carbon formed follows the original shape of the carbide and what level of control over the 
transformation is possible on the nanoscale. In addition, it has not been known whether the 
stresses existing at the interface between the CDC and the substrate may lead to cracking or 
detonation of nanoscale objects having a high aspect ratio (e.g. components of SiC-based 
MEMS) during the transformation.  
Most of the previous chlorination studies were conducted on powders, fibers, and 
bulk samples and the direct nanoscale observation of the CDC transformation was difficult. 
Graphene and carbon nanotubes were produced by vacuum decomposition of SiC, but 
discrepancies and conflicting data in literature limit the use of this method for CNT synthesis. 
No satisfactory explanation of differences in the carbon growth on Si- and C-terminated 
surfaces of SiC single crystalline wafers has been offered so far.  The mechanism of nanotube 
formation on SiC has not been clear and results suffered from poor reproducibility. 
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Here, we report on a systematic experimental study of chlorination and vacuum 
decomposition of 3C-SiC whiskers and 6H-SiC single crystals that clarify the formation 
mechanisms and conditions for the growth of specific carbon structures (nanotubes, 
graphene, etc.). In addition to carbon formation, the feasibility of different selective etching 
techniques (wet and dry) of SiC was discussed. 
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2 LITERATURE REVIEW 
2.1 Carbon 
Pure elemental carbon has been one of the most important inorganic materials for a 
long time. One of the reasons for this is that carbon exists in different allotropes which have 
various properties therefore offer a range of applications.  
A scheme for classifying carbon allotropes is given in Figure 2-1, where the allotropes 
are classified based on the chemical bond. Elemental carbon exists in three bonding states 
corresponding to sp3, sp2 and sp hybridization of the atomic orbitals, and the corresponding 
three carbon allotropes are diamond, graphite and carbyne [6]. 
The other forms of carbon represent so-called transitional forms.  They can be divided 
in two groups: mixed short-range-order carbon and intermediate carbon forms.  Mixed short 
range order carbons are less arranged carbon atoms of different hybridization states such as 
vitreous carbons, diamond-like carbon, amorphous carbon, a whole new class of materials for 
which all properties, such as electrical conductivity, hardness, wear resistance, gas 
permeability, optical transparency and many more, can be finely tuned by controlling the 
sp2/sp3 carbon ratio, porosity/density, size and ordering of nanocrystals, and inclusions of 
various allotropic forms of carbon. Another group, intermediate carbons, includes various 
carbon structures with sp and sp2 bonding and closed shell carbons such as fullerenes, carbon 
nanotubes, carbon onions, with the bonding intermediate between sp2 and/or sp3 (changed 
bond angle).   
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Figure 2-1 Carbon allotropes in a ternary diagram (adopted and modified from [6]). 
 
 
 
2.1.1 The carbon phase diagram 
For decades, it was believed that graphite is without exception the most stable carbon 
phase and diamond is metastable as seen in the phase diagram of carbon [7](Figure 2-2).  
This statement is correct for consideration in macroscale. However, the phase diagram of 
carbon has been reconsidered several times because several different methods were 
developed to synthesize diamond. 
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Figure 2-2 Phase diagram for carbon [7] 
 
 
 
Moreover, taking into account energy contribution of carbon atoms on the surface of 
nanoparticles, the stability of the carbon phases needs to be reconsidered.  The stability of the 
carbon structure changes as the system size is increased from fullerenes as the most stable 
form for <1000 atoms - to nanodiamond - to graphite at macroscale. A general concept of the 
stability of carbon forms at nanoscale has been constructed by a large amount of simulation 
results and is summarized in Figure 2-3 [8].   
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Figure 2-3 Schematic representation of the most stable carbon phase, depending on the size 
of the carbon structure [8]. 
 
 
 
2.1.2 Graphene 
Graphene is a flat monolayer of carbon atoms tightly packed into a two-dimensional 
(2D) honeycomb lattice. Graphene is a basic building block for graphitic structures of all 
other dimensionalities (Figure 2-4): it can be wrapped up into 0D fullerenes (with the 
pentagonal defects added), rolled into 1D nanotubes or stacked into 3D graphite [9].  
Theoretically, graphene (or “2D graphite”) has been studied since 1940s [10-12]  and 
widely used for describing properties of various carbon-based materials. On the other hand, 
although known as integral part of 3D materials, graphene was presumed not to exist in the 
free state [13] and believed to be unstable with respect to the formation of curved structures 
such as soot, fullerenes and nanotubes. However, in 2004 Novoselov et al.[14] discovered 
that single layers of graphite can be seen. With the studies reporting novel electronic 
properties of graphene [15-17] “gold rush” has begun.  
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Figure 2-4 Graphene as a 2D building block for other carbon materials [9]. 
 
 
 
In graphene every carbon atom is covalently bonded to three other surrounding atoms 
with short (1.418 Å) and strong (524 kJ/mole) sigma bonds in a form of hexagonal pattern. 
This gives graphene exceptional structural rigidity within its layers. Because a carbon atom 
has four electrons available for bonding, each atom also contributes one unbound electron 
that is free to wander through the crystal, giving graphene its distinctive characteristic-
excellent conductivity. The electron mobility of graphene is an order of magnitude higher 
than that of commercial silicon wafers, which has implications for electronics.  
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It was shown that the electronic structure rapidly evolves with the number of layers, 
approaching the 3D limit of graphite already at 10 layers [18]. Moreover, only graphene and, 
to a good approximation, its bilayer has simple electronic spectra: they are both zero-gap 
semiconductors with one type of electrons and one type of holes. For 3 and more layers, the 
spectra become increasingly complicated: Several charge carriers appear and the conduction 
and valence bands start notably overlapping [14, 19]. This allows one to distinguish between 
single-, double- and few- (3 to <10) layer graphene as three different types of 2D crystals 
(“graphenes”). Thicker structures should be considered, to all intents and purposes, as thin 
films of graphite. From the experimental point of view, such a definition is also sensible [9].  
Graphene is a promising material to be used in nanoelectronics; however, doing this 
on an industrial scale requires breakthroughs in both growth and patterning technology of 
graphene.  
2.1.3 Graphite 
As mentioned above, graphite is basically composed of graphene layers stacked on 
top of each other with weak van der Waals bonds ( bonds) of only 7 kJ/mole formed 
between atoms of adjacent layers through the formation of electron pairs between fourth 
delocalized valence electrons of the hybridized p orbitals. The spacing between layer planes 
is therefore relatively large (c/2 = 3.347 Å).  
The most common crystal structure of graphite is hexagonal (alpha) in which 
graphene layers are stacked in an –ABABAB – pattern with unit cell dimensions a = b = 
2.456 Å, c = 6.708 Å (Figure 2-5). 
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Figure 2-5 (a) Crystal structure of hexagonal graphite (b) View of graphite from top 
(perpendicular to the basal plane) (adopted and modified from [20]) 
 
 
 
The ideal graphite structure described above is composed of theoretically infinite 
basal planes with perfect -ABAB- stacking, with no defects. However, such an ideal structure 
is never found either in natural or synthetic graphite. Most common defects found in 
polycrystalline graphite are vacancies, stacking faults and disclinations (deviation from 
parallel orientation) (Figure 2-6). Therefore, real graphitic materials are polycrystalline and 
can be considered as solid aggregates of graphite crystallites in which the size, shape, and 
degree of imperfection of the basic crystallite, the general orientation of these crystallites, as 
well as the bulk characteristics such as porosity and amount of impurities, may vary 
considerably from one material to another. Properties of polycrystalline graphite depend 
greatly on the apparent size (L1) of the basic structural unit (crystallite). Some subgroups of 
polycrystalline graphite are vitreous carbon, pyrolytic graphite, turbostractic graphite, etc. 
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Figure 2-6 Schematic illustration of crystallite imperfections in graphite showing (a) vacancy 
(b) stacking fault, and disinclination [20]; (c) schematic illustration of polycrystalline 
graphite [21]. 
 
 
  
Graphite is chemically inert to acids and alkalis under most conditions and it is heat 
resistant up to 3200°C under vacuum or inert atmospheres. In oxygen or air, however, it 
oxidizes above 400°C. The heat resistance and chemical stability of graphite are exploited in 
crucibles and refractories, rocket nozzles, space shuttle heat shields as well as hot pressing 
and hot extrusion dies. Unlike diamond, graphite is an electrical conductor and as such is 
widely used in electrodes for metal refining. 
2.1.4 Carbon nanotubes 
In the mid 1980s, Smalley and co-workers at Rice University discovered fullerenes 
[22]. Fullerenes are geometric cage-like structures of carbon atoms that are composed of 
hexagonal and pentagonal faces. The first closed, convex structure formed was the C60 
molecule; so-called buckminsterfullerene is a closed cage of 60 carbon atoms where each 
side of a pentagon is the adjacent side of a hexagon similar to a soccer ball (therefore it is 
often referred to as a bucky ball) [22]. A few years later, in 1991, a Japanese electron 
microscopist Sumio Iijima[23], who was studying material deposited on cathodes during the 
arc-evaporation synthesis of fullerenes, found that the central core of the cathodic deposit 
contained a variety of closed, long, hollow fiber, graphitic structures.  Although researchers 
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who produced carbon filaments had been unknowingly growing nanotubes decades before 
Iijima’s publication [23], Iijima was the first to recognize the structure and importance of 
carbon nanotubes.  
Carbon nanotube structure 
As discussed above, graphene sheets are formed from pure sp2 carbon, whereas the 
three-dimensional bonding network of sp3 carbon is found in diamond. When a curvature is 
introduced in a planar graphene sheet, as in fullerenes and carbon nanotubes, a partial loss of 
the sp2 hybridization occurs, and the sp3 bond character increases due to change in the bond 
angles. This event is called rehybridization of sp2/sp3 bonds.  A carbon nanotube is a 
cylindrically shaped shell structure of three coordinated carbon atoms connected together 
with rehybridized sp2/sp3 bonds. Often, both ends of the cylinder are closed with a hemi-
fullerene. Conceptually, carbon nanotubes can be considered both as extended fullerenes 
(extension coming through the insertion of carbon belts), or as seamless carbon cylinders 
formed by rolling up a graphene sheet in many possible ways resulting in armchair, zig-zag 
or chiral nanotubes (shown schematically in Figure 2-7).  
For the purpose of simplicity, a pair of integers (n,m) called Hamada indices is used 
to indicate a particular tube geometry. In an (n,m) carbon nanotube, the numbers m and n 
correspond to a particular position of a carbon atom in an arbitrary coordinate system of a 
two-dimensional graphene network which forms the (n,m) tube when superimposed to the 
(0,0) atom in the same coordinate system.  
If a nanotube consists of a single carbon cylinder, it is called single-wall carbon 
nanotube (SWCNT). SWCNTs tend to align themselves into bundles or ropes held together 
by weak van der Waals forces. When the tube is comprised of the two or more layers, it is 
called multi-walled carbon nanotube (MWCNT). 
 
  
13
 
 
Figure 2-7 Carbon nanotube structure. Carbon nanotube can be considered as a rolled sheet 
of graphene. Arrows show three different rolling directions giving rise to armchair, chiral and 
zig-zag type of nanotubes. 
 
 
 
Single-wall and multi-walled carbon nanotubes come in various sizes. The smallest 
stable freestanding single-walled carbon nanotube is found to have the diameter of 0.4 
nm[24]. Freestanding SWCNTs with diameters larger than 6 nm tend to collapse [25]. The 
smallest stable armchair (2,2) SWNT grown inside a MWNT was measured [26, 27] to be 0.3 
nm in diameter. MWCNTs can be significantly larger, depending on the number of shells in 
the wall, which varies from 2 [28] to a few tens, hundreds, and sometimes even thousands 
[29] of layers.  
Formation of rehybridized sp2/sp3 bonds resulting from curvature alters the physical, 
mechanical and electronic properties of the graphene sheet. For example, a planar graphene 
sheet is a zero band gap semiconductor, whereas armchair carbon nanotubes are all metallic, 
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while zig-zag and chiral nanotubes, depending on their size and chiral angle, can be either 
semiconducting or metallic [30].  
Due to their unique mechanical, electronic and thermal properties, many potential 
applications have been proposed for carbon nanotubes, including conductive and high-
strength composites; sensors; field emission displays and radiation sources; hydrogen storage 
media; and nanometer-sized semiconductor devices, probes, and interconnects [31]. 
2.1.5 Production techniques for carbon materials 
There are many ways to produce carbon materials. Very high temperatures are 
typically required for synthesis of ordered graphite because of a very low mobility of carbon 
atoms in its covalently bonded layers. Diamond is produced either at high pressures or by 
using plasma detonation and other high-energy techniques. Fullerenes and nanotubes are 
manufactured in plasma as well. Chemical vapor deposition (CVD) is currently a common 
method for synthesis of thin and thick films of disordered graphitic carbon, diamond, and 
nanotubes. Many porous and disordered carbons, including carbon fibers and activated 
carbons, are made by thermal decomposition of organic compounds. Recent discovery of 
graphene was achieved by a simple method in which individual sheets were isolated from 
graphite by adhesive tape [14]. They soon discovered that writing on silicon with a piece of 
graphite was an even better method. This method works quite well for fundamental studies, 
but is not suitable for large-scale applications. Alternative routes have been proposed [32, 33] 
but high-quality large-size graphene crystals have not been demonstrated so far. 
The age of nanotechnology requires new methods that enable engineers to control the 
growth of carbon materials at the atomic level, provide a better control over the structure of 
carbon materials.  
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It has been previously shown that selective etching of carbides is an attractive 
technique for synthesis of various carbon structures [1-3]. Carbon produced by extraction of 
metals from metal carbides is called carbide-derived carbon (CDC). High-temperature 
treatment in halogens, leaching in supercritical water and vacuum decomposition can be used 
to remove metals from carbides, producing carbon coatings or bulk and powdered carbon. 
Amorphous and nanocrystalline graphitic carbon [34], nanotubes [35], [36] carbon onions, 
nanocrystalline diamond [37], and ordered graphite [2, 38] have been reported.  Since the SiC 
lattice is used as a template and Si is extracted layer by layer, atomic level control can 
potentially be achieved in the synthesis process and the structure of the carbon can be 
templated by the carbide structure, with an opportunity for further structure modification by 
controlling the temperature, composition of the environment, and other process variables. An 
important advantage of the CDC process over CVD or PVD for the coating synthesis is that 
the transformation is conformal and does not lead to a change of the carbide sample size and 
shape (Figure 2-8). Before exploring the progress on carbide derived carbon synthesis, SiC, 
which is used as the substrate material (template), will be reviewed in the next section. 
 
 
 
Figure 2-8 Comparison of CDC synthesis and carbon deposition process on SiC. 
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2.2 Silicon carbide 
2.2.1 Historic overview 
Silicon carbide was discovered by Swedish scientist Jöns Jacob Berzelius (1824), 
while he was trying to synthesize diamonds. It was not until the invention of the electric 
smelting furnace by Cowles [39] and its application to carbonaceous compounds by Acheson 
[40] that the interest in SiC came into focus. The purpose of Acheson’s invention was to 
produce a material substituting diamond and other abrasive materials for cutting and 
polishing purposes. The crystalline products that Acheson found after the process were 
characterized by a great hardness, refractability and infusibility. He called the product 
“carborundum” and described it as silicide of carbon with the chemical formula SiC. The 
invention had a great impact and much material was produced using this process mainly for 
cutting and abrasive purposes. In 1893, French scientist Henri Moissan (1852-1907) 
discovered natural silicon carbide in the Diablo Canyon meteorite/Arizona, USA and the 
mineral was named Moissanite. Shortly afterwards the electronic properties of SiC started to 
be investigated. The first Light Emitting Diode (LED) was made from SiC in 1907. In 1955, 
Lely presented a new concept of growing high quality crystals. The research in SiC became 
more intensified after this and the first SiC conference was held in Boston 1958. However, 
due to the success and rapid increase of the Si technology the interest in SiC dropped. 
Research during this time (mid '60 to '70) was mainly carried out in the former Soviet Union. 
In 1978 a discovery of comparable dimension and importance as the Acheson process was 
presented by Tairov and Tsvetkov [41]. They discovered a way to produce substrates by a 
seeded sublimation growth. The possibility to grow single crystal SiC on Si substrates which 
was invented by Matsunami et. al.[42] in 1981 was another important achievement in 
increasing the interest in SiC. In 1987, Cree Research was founded which became the first 
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company selling substrates of SiC. Limitations of the Si technology have further increased 
the interest in SiC and at present the field is growing rapidly. 
2.2.2 Crystal structure and properties 
The basic building block of a silicon carbide crystal is the tetrahedron of four carbon 
atoms with a silicon atom in the center (Figure 2-9a). The distance between the carbon and 
silicon atom is 1.89Å and the distance between the carbon atoms is 3.08Å [43]. SiC crystals 
are constructed with these units joining at the corners. 
Silicon carbide exists in a variety of crystal structures called polytypes. Different 
polytypes of SiC are actually composed of different stacking sequences of Si-C bilayers, 
where each single Si-C bilayer can be viewed as a planar sheet of silicon atoms coupled with 
a planar sheet of carbon atoms (Figure 2-9b). The plane formed by a bilayer sheet of silicon 
and carbon atoms is known as the basal plane, and the crystallographic c-axis direction, also 
known as the stacking direction ([0001] direction for hexagonal structure and [111] direction 
for cubic structure), is defined normal to Si-C bilayer plane. In this direction these bilayers 
are stacked on top of each other with possible positions as A, B, and C by arranging the 
sheets in a specific repetitive order. The different polytypes will be constructed by 
permutations of these three positions. The only cubic polytype in SiC is 3C-SiC, which has 
the stacking sequence ABCABC… The simplest hexagonal structure is 2H, which has a 
stacking sequence ABAB… and the two important polytypes, 6H-SiC and 4H-SiC, have 
stacking sequences ABCACBABCACB… and ABCBABCB…, respectively.  
In Figure 2-10 the stacking sequence is shown for the three most common polytypes, 
3C, 4H and 6H. The number in the notation of the resulting crystal structure determines the 
number of layers before the sequence repeats itself along the c-axis [0001] direction, and the 
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letter determines the resulting structure of the crystal: C for cubic, H for hexagonal, and R for 
rhomohedral. Cubic SiC is also referred to as -SiC or zinc blende structure. The non-cubic 
polytypes of SiC are also referred to as -SiC or wurtzite structure [44]. 
SiC is a polar semiconductor across the c-axis, in that one surface normal to the c-
axis is terminated with silicon atoms while the opposite normal c-axis surface is terminated 
with carbon atoms; these surfaces are referred to as the “silicon face” and “carbon face”, 
respectively [45]. 
Silicon carbide is a very hard material; it is chemically inert and reacts poorly with 
any known material at room temperature [46]. Furthermore, it lacks a liquid phase and 
instead sublimes at temperatures above 1,800° C. The vapor constituents during sublimation 
are mainly Si, Si2C, and SiC2 in specific ratios, depending on the temperature [44]. SiC has a 
wide bandgap varies depending on the polytype (2.3 eV for 3C SiC, 3.02 eV for 6H, and 3.2 
eV for 4H polytype,) [46].  
The wide bandgap makes it possible to use SiC for very high temperature operation. 
Thermal ionization of electrons from the valence band to the conduction band, which is the 
primary limitation of Si-based devices during high-temperature operation, is not a problem 
for SiC-based devices because of this wide bandgap. 
For power-device applications, perhaps the most important property is the breakdown 
electric field strength, Emax. This property determines how high the largest field in the 
material may be before material breakdown occurs. Emax of SiC is 10 times that of Si [44].  
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Figure 2-9 (a) SiC tetrahedron, (b) Si-C bilayer 
 
 
 
Figure 2-10 SiC crystal structure showing (a) the stacking sequence of bilayers along c-axis 
(0001) (b) the [11-20] plane of the three most common SiC polytypes. 
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Another important parameter for power and high-frequency device applications is the 
material’s thermal conductivity. An increase in temperature generally leads to a change in the 
physical properties of the device, which normally affects the device in a negative way. Heat 
generated through various resistive losses during operation must thus be conducted away 
from the device and into the package. It is often quoted that the thermal conductivity of SiC 
is higher than that of copper (4 W/cmK) at high temperature. Values of the thermal 
conductivity as high as 5 W/(cmK) have been measured by Slack [47]. 
One has to recognize that the unique properties of SiC such as wide bandgap, high-
temperature stability, high chemical resistance and so forth, also make it a challenge to 
manufacture and process into working devices. Next chapter is dedicated to etching of SiC, 
which is an important step in SiC fabrication, is reviewed [44]. 
2.2.3 Selective etching of SiC 
The term etching is used to describe any technique by which material can be removed 
from the surface. Chemical etching of any material can be thought of as a sequence of five 
steps[48]: 
1) Transport of the reactant to the surface 
2) Adsorption of the reactant 
3) Reaction at the surface 
4) Desorption of reaction products 
5) Removal of reaction products away from the surface 
If the etch rate is controlled by the rate at which the reactant species can reach the 
surface, or the rate at which the reaction products are removed, the process is said to be 
diffusion-limited. If the etch rate is only limited by the rate of chemical reactions at the 
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surface then the process is said to be reaction-rate limited. Most important distinction 
between the two rate limiting steps is that in diffusion controlled reactions, all crystal 
orientations etch at the same rate and the etch depth is proportional to the square root of etch 
time; whereas in reaction-rate controlled reactions the etch depth is linearly dependent on 
etch time and is controlled by the chemical properties of a specific crystal face. 
Etching methods can be classified in different ways according to their type of 
reaction, environment, directionality, or selectivity as summarized in Table 2-1. Depending 
on the application, different etching methods or their combinations are used. For example for 
SiC, plasma etching, which has very low selectivity and etches in one direction, is used for 
device fabrication; whereas wet etching, which has high selectivity, has been widely used for 
defect characterization, polarity and polytype identification, and as complementary technique 
in microfabrication. Plasma-based etching is out of scope of this study, therefore it will not 
be covered here. 
 
 
Table 2-1 Classification of etching methods for SiC 
 
Classification Example 
Wet Etching 
(Chemical) Acids or alkali Isotropic or anisotropic 
KOH, phosphoric 
acid, etc. 
Physical ion beam etching 
(anisotropic) Ions (Ar+) 
Chemical plasma etching 
(isotropic) 
Neutral atoms 
(Cl, F) Plasma-based 
Synergistic (physical and 
chemical) reactive ion etching 
(RIE) (anisotropic) 
Ions + neutral atoms 
Hot gases Cl2 
Dry Etching 
Without plasma 
Thermal decomposition Vacuum annealing 
 
 
 
  
22
In general, the wet etching of semiconductors involves oxidation of the 
semiconductor surface and subsequent dissolution of the resulting oxides. Oxidation requires 
holes that can be supplied either chemically, via an electrochemical circuit or by illumination. 
By distinguishing the etching mechanisms, wet etching of semiconductors can generally be 
divided into two categories, namely electrochemical etching (including anodic etching, and 
photoelectrochemical (PEC) etching), and conventional chemical etching in aqueous etchants 
[48]. 
Conventional wet chemical etching of SiC was extensively investigated in 1950s and 
1960s in numerous molten salts, including KClO3, K2CO3, KOH, K2SO4, KNO3, Na2B4O7, 
and Na2CO3 [48]. The typical etching temperature was between 900 and 1000ºC. Moreover, 
the high reactivity with the crucibles and instability of these molten salts made most of these 
etchants inconvenient to use. Etching with molten KOH and its mixture with other salts, 
however, can be performed at a much lower temperatures (300–600ºC). Thus, it eventually 
became the most widely used for the chemical etching of SiC. 
Electrochemical etching with high selectivity between SiC conductivity types has 
been widely studied [49-56]. The capabilities of photo-assisted anodic etching to selectively 
etch n-type SiC over p-SiC and the anodic etching in the dark to etch p-type SiC over n-SiC 
are very useful for device and electromechanical microsensor fabrication. 
In general, reaction-limited chemical and electrochemical etching usually resulted in 
the formation of etch pits. The most commonly observed etch pits by electrochemical etching 
had a circular cross-section [50, 56, 57], showing the isotropic characteristics of the process. 
In most cases, they claimed that the round etch pits were formed on dislocations.  
Kato et al.[58]compared the etching patterns of SiC produced by both 
electrochemical etching and chemical (KOH) etching, and showed that the etch pit density 
revealed by molten KOH etching was one order of magnitude higher than etch pit density 
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revealed by electrochemical etching. Thus, etch pits formed during electrochemical etching 
only correspond to a fraction of the total number of defects in the SiC crystal. Moreover, 
chemical etching resulted in triangular or hexagonal etch pits revealing 3-fold and 6-fold 
symmetry on cubic and hexagonal SiC, respectively. Addition to defect decoration, this 
phenomenon has been also used for polytype identification. 
Etching of SiC is also dependent on the crystal polarity. Etching proceeds at different 
rates and produces different surface morphologies on silicon and carbon polar crystals. For 
all polytypes, the carbon face etches much faster than the silicon face at the same 
temperature, and is not defect selective. When etching a -SiC sample, researchers [59-61] 
found that the etch pits developed only on the Si {111} face, but not on the C face. The 
silicon face remained smooth except for etch pits while the carbon face became roughened 
during etching. The same rule applies to -SiC and 15R SiC as well [62-65] in that silicon 
face was not significantly attacked, while the carbon face changes from smooth to a needle 
like structure, and then to a ‘‘wormy’’ appearance as the etching temperature increases [63]. 
This difference of etching behaviors on Si- and C face was attributed to the difference of 
surface free energies of the two faces [66-68]. A higher surface free energies of silicon 
face[66, 69] enhanced the anisotropic etching (forming etch pits) at defects and a lower 
surface free energies of carbon face results in an etch pit free surface [66-68]. Though etch 
pits do not usually form on carbon face, there are several literature reports [61, 70, 71] 
arguing that irregular hexagons or circular hillocks do form on carbon face SiC under certain 
conditions. This could be explained by a recently proposed etching mechanism, which claims 
there are parallel electrochemical and chemical etching processes occurring simultaneously in 
molten KOH etching. The etch rates were higher on the carbon face than that on silicon face 
of SiC by as much as a factor of 10 using a 1:1 mixture of KOH and KNO3 as etchant [72]. A 
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comparison of the thermal oxidation rates for the two polarities supports the hypothesis that 
oxidation is the rate-limiting step in etching. Katsuno et al.[73] showed that the etching rates 
on the C(000-1) face 6H-SiC were about four times higher than that on the Si(0001) face in 
molten KOH, comparable to the thermal oxidation selectivity of approximately three reported 
in ref. [74]. 
Etching of SiC surfaces in hot gases such as chlorine and fluorine-containing gases 
for electronic device fabrication [69-79] resulted in formation of carbon films and carbon-
rich surface layers [75-77]. Study of the properties and the structure of carbon was not the 
object of the cited studies; moreover its formation was frequently considered to be 
undesirable. However, soon, carbon produced by this method became more important. Next 
section covers the progress on carbide derived carbon synthesis. 
2.3 Carbide derived carbon synthesis 
2.3.1 Chlorination at high temperatures 
2.3.1.1 Historic overview 
A manufacturing process based on the reaction of silicon carbide with chlorine gas 
was reported in 1918 for the first time [78]. Hutchins patented a method for the production of 
silicon tetrachloride. The reaction was conducted by passing dry chlorine over silicon carbide 
heated to a temperature of 1000°C or above. The main product of the reaction, silicon 
tetrachloride vapor, passed through the outlet pipe into a condenser. Residual carbon was 
disposed of. A development of this method was patented in 1956 [79]. In order to remove 
carbon without cooling off the reactor, air was periodically blown through it to burn the 
carbon waste.  
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Carbide-derived carbon did not attract major attention from researchers until 1959, 
when Mohun [34] introduced “a fourth class of amorphous carbons” along with the three 
known ones (hard carbons, soft carbons, and carbon black). The term “mineral carbons” was 
proposed for carbons formed by the chlorination of inorganic carbides to distinguish them 
from carbons of organic origin. Unlike organic carbon, which also includes substantial 
quantities of hydrogen and other elements, CDC was claimed to be real elemental amorphous 
carbon. Chlorination of silicon, aluminum, boron, titanium, zirconium carbides, and 
zirconium carbonitride was carried out in the temperature range from 150°C for ZrC ZrN to 
1650°C for SiC in chlorine flow. Reactor tubes were made of quartz or mullite and were 
provided with an external electric heater. After the chlorination process was completed, 
carbon samples were cooled in an atmosphere of chlorine or dry nitrogen and treated to 
remove the residual chlorine.  
Mohun extended his study and eventually patented the new materials and the 
processes of their production [80, 81]. He studied sorption properties of SiC CDC reported in 
these patents as a function of chlorination temperature and the cooling environment. Vapor 
adsorption capacity of the CDC generally peaked at some intermediate chlorinated 
temperatures and decreased when the processing temperature increased to 1650°C, possibly 
due to the graphitization of the CDC and the corresponding decrease of the specific surface 
area (SSA, surface area of material per unit weight). Although CDC synthesis has been 
studied on various carbide structures [3], in this review we will focus only on SiC.  
2.3.1.2 Thermodynamic simulations 
Thermodynamic simulations were performed on a number of carbides [82-87] to 
estimate the effect of various process parameters on CDC formation and help in choosing the 
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optimum synthesis conditions. The Gibbs free energy minimization program (such as 
FactSage or ChemSage from GTT Technologies, Germany) was employed to estimate the 
equilibrium amounts of reaction species as a function of the chlorination temperature for 
different amounts of chlorine. The calculations were always done for a closed system with a 
constant total pressure of 1 atm. The gas phase was considered to be a mixture of ideal gases, 
and the solid phase was treated as a mechanical mixture of compounds with unit activities.  
Figure 2-11 shows an example of the thermodynamic calculations discussed with 
regard to the formation of carbon from SiC. The experimental set-up used for CDC synthesis 
is in most cases an open system, where gaseous reaction products are continuously removed 
with a gas flow, and the actual product composition may be determined by the kinetics of the 
process. However, the results obtained provide general guidelines for the experimental design 
and suggest the reaction:      
SiC(s) + 2Cl2(g)  SiCl4(g) + C(s)      2-1 
 
 
  
 
Figure 2-11 Thermodynamic analysis for chlorination of  SiC in 5 mol of Cl2 [86]. 
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2.3.1.3 CDC structure 
Mohun [34, 80, 81] used x-ray diffraction (XRD) to determine the degree of 
graphitization and the average size of graphite crystallites in CDC produced from a variety of 
carbides. By using the Scherrer equation and the FWHM of the carbon peaks, he determined 
the thickness of graphite crystallites (Lc) in SiC CDC at the highest investigated temperature 
of 1650°C (2.5 h) to be ~4 nm. Mohun was the first to point out that graphitization degree 
also depends on the duration of the chlorination process: CDC samples produced at 1050°C 
(24 h) and 825°C (630 h) demonstrated the same graphitization degree. As such, 
graphitization was clearly determined to be a kinetically controlled process. CDC samples 
produced at low temperatures were completely amorphous and showed absolutely no 
diffraction pattern when chlorinated for 24 h. 
Carbon coatings on silicon carbide powders and monolithic specimens produced by 
treatment in diluted chlorine and chlorine–hydrogen mixtures were examined by Gogotsi and 
McNallan in a series of works [1, 37, 83, 88-92]. The -SiC powder was treated in the Cl2 (2 
to 3.5%)–H2 (0 to 2%)–balance Ar gas mixtures in the temperature range 500 to 1000°C at 
ambient pressure [93-95]. Experiments were continued for 5 to 72 h depending on the 
material. The progress of the reactions conducted at 800°C was monitored by 
thermogravimetric analysis. The mass decreases approximately linearly with time, 
approaching a minimum value, which is dependent on the ratio of chlorine to hydrogen. Gas 
mixtures that were low in hydrogen produced the highest reaction rates. Uniform amorphous 
carbon or nanocrystalline graphite films were produced by treatment in Cl2–Ar media as 
shown by XRD, Raman spectroscopy, and TEM. In the Raman spectra, D and G bands of 
disordered graphite were observed. From the relative intensities of these bands, the size (La) 
of the graphite crystallites was evaluated to be 2 to 4 nm. As the temperature of the treatment 
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increased, the size of these crystallites and the thickness of the film formed after a fixed 
period of exposure increased.  
Studies performed by Gogotsi et al. [1, 37, 96, 97] revealed that addition of hydrogen 
into the reaction mixture of Cl2–Ar used for chlorination of carbides not only reduced the 
reaction rate but also influenced the composition and properties of the products. The sharp 
diamond peak at 1330 cm-1 was observed in the Raman spectra of the powder treated in 
2.6%Cl2–1.3%H2–Ar at 950°C. Other peaks, which may correspond to crystallized and 
amorphous diamond, were present in the Raman spectra as well. Thus, hydrogen plays a 
significant role in the formation of diamond by stabilizing dangling bonds of cubic diamond 
formed from -SiC upon extraction of silicon. 
Chlorination of SiC fibers was also studied [98, 99]. Fibers from polymer precursors 
are nanoscale mixtures of SiC, carbon, and SiCxOy. Their chlorination could be conducted at 
400°C and above, thus well below the temperatures necessary to produce CDC on SiC 
crystals or micropowders. 
On another study, chlorination of sintered and CVD SiC in chlorine and chlorine-
hydrogen gas mixtures (Cl2/H22:1) at 1000ºC resulted in duplex carbon coating composed 
of a loosely attached, powdery layer on top and a dense, highly disordered, nanocrystalline 
carbon layer below it [96]. The top layer exhibited microcrystalline graphite characteristics. 
When treated in Cl2-H2 environments, formation of nanocrystalline diamond-structured 
carbon was found in adherent coating by TEM studies. The analysis of Raman spectra was 
supported the presence of sp3 bonding, which was also confirmed by a very high hardness (up 
to 50 GPa) and Young’s modulus (up to 600 GPa) of these coatings. On the other hand, 
coatings produced in pure Cl2 were graphitic and demonstrated low hardness (1.8GPa) and 
Young’s modulus (18GPa). 
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Detailed HRTEM study of diamond crystals, produced by treatment of SiC in the gas 
mixtures of 1 to 3.5%Cl2 and 0 to 2%H2–Ar at 1000°C, showed local epitaxial growth of 
diamond on the SiC surface [100]. It has been shown that the presence of hydrogen in the 
environment is not required for diamond synthesis. However, hydrogen can stabilize the 
nanocrystals and lead to an increased diamond content in CDC. If no hydrogen was added, 
diamond nanocrystals transformed to graphitic carbon, forming carbon onions and other 
curved graphitic structures. Diamond formation was also favored by low temperature of 
synthesis providing moderate carbon mobility. This result was in accordance with the x-ray 
photoelectron spectra (XPS) of CDC from SiC, TiC, and ZrC produced at various 
temperatures [101]. It was shown that the degree of sp3 hybridization increases as the 
temperature of the process is reduced from 1100 to 350°C. 
When Danishevskii et al.[102] studied the effects of preparation conditions on 
nanodiamond formation during chlorination of SiC they observed that smaller SiC grains 
generally lead to smaller sized diamond. When SiC precursor contained pyrocarbon, the 
formation of diamond was hindered. The researchers suggested that the fast propagation 
velocity of the reaction front and the correspondingly strong nonequilibrium conditions favor 
diamond nucleation.  
Theoretical studies of graphite and diamond growth on the (1000) Si-surface of 6H-
SiC were carried out using molecular dynamics simulation [1, 103]. It was shown that very 
high lattice strains do not allow continuous growth of diamond on SiC, and fragmentation 
occurs leading to nanocrystalline material. Small diamond clusters on SiC are predicted to 
have a good adhesion to the substrate and maintain sp3 coordination of carbon atoms in the 
cluster. TEM studies [37] proved that SiC was converted to sp3 carbon, and formation of 
crystalline diamond-structured carbon occurred from disordered Si-depleted SiC within 
nanometers of the SiC/C interface. Growth of larger crystals of diamond-structured carbon 
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was probably the result of coalescence of continuous nanocrystalline regions. The presence 
of hydrogen helps to maintain sp3 hybridization of carbon, stabilizing the dangling bonds. 
Addition to graphitic, nanodiamond and disordered carbon, novel nanostructures like CNTs, 
onions and nanobarrels were also reported rarely in CDC coatings [3, 37]. Indeed, according 
to Boehm [99], CNTs were first observed in 1972, during the TEM analysis of SiC CDC. 
Boehm observed multi-walled CNTs and carbon onions only occasionally in CDCs, and 
concluded that these structures were present in SiC before the chlorination. However, it is 
also possible that nanotube synthesis might have occurred during the CDC production. 
Different carbon structures found in CDC coating synthesized by chlorination are 
summarized in Figure 2-12 [3]. Figure 2-13 [104] shows the location of different phases 
observed in CDC films schematically. 
Recently, chlorination of 4H-SiC single-crystal surface in a chlorine-containing gas 
mixture at 800–1000ºC (ambient pressure) was investigated by Zinonev et al. [105]. Results 
demonstrated a strong dependence of the silicon carbide chlorination process on 
crystallographic orientation of its surface.  
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Figure 2-12 HRTEM images of various carbon structures produced by chlorination of 
carbides: (a) amorphous carbon, (b) turbostratic graphite, (c) fullerene-like carbon, (d) 
nanodiamond, (e) carbon onion (f) graphite ribbons, (g) CNTs, (h) barrel-like particles, (i) 
and ordered graphite. Scale bar, 5 nm [3]. 
 
 
 
 
Figure 2-13 A schematic illustration of the location of various phases in CDC films [73] 
 
 
 
  
32
For the SiC (0001) Si face, only a thin silicon oxide layer was formed and no 
conversion of silicon carbide into continuous carbon structure was observed. Only some 
places on the Si-terminated side demonstrated traces of chlorine etching in the form of 
hexagonal-shaped voids, which were possibly initiated by distortion of the initial crystalline 
structure by defects. However, for the opposite C-terminated SiC (000-1) side, the 
chlorination caused the complete chemical transformation of the initial material forming a 
dense carbon film with poor adhesion to the substrate. This strong distinction of the chemical 
activity of the different basal planes of SiC single crystal was attributed to the structure of the 
topmost layers (oxide layer) of the initial material.  
The kinetics of CDC formation on SiC has been studied on sintered ceramics[96] and 
fibers [5] (Figure 2-14). Both studies showed a linear increase in CDC layer thickness with 
time, suggesting that the transformation rate is not controlled by the diffusion of gases. The 
chlorination rates were determined, and activation energy of CDC synthesis in the 550 to 
700°C range was found to be 143.6 kJ/mol for SiC derived carbon fiber. 
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Figure 2-14 Kinetics data plot for chlorination of SiC (a) bulk ceramics and (b) fibers. 
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2.3.2 Thermal decomposition  
The first documented observation of carbon formation after heat treatment of SiC in 
vacuum at temperatures up to 2000°C was published in 1960 [106]. Several studies on 
investigation of the carbon structure obtained by decomposition of silicon carbide have been 
reported [107-109]. It was shown that at high temperature under vacuum both surfaces of SiC 
tend to graphitize [109-116]. While this layer was monocrystalline on Si face, polycrystalline 
graphite was observed on C face. It was also shown that the rate of carbon layer growth on 
the carbon face was higher than that on the Si face. 
A new interest in the thermal decomposition of SiC arose in 1997 when Kusunoki et 
al.[35, 117-136] discovered growth of self-organized carbon nanotube films during the 
decomposition of SiC. In contrast to the more conventional CVD growth technique, this 
technique allows the formation of highly aligned nanotubes and no catalyst is required for the 
CNT development.  
First she studied the decomposition of sintered -SiC at 1700ºC by using YAG laser 
heating in TEM and by heating in a vacuum electric furnace [117]. HRTEM studies revealed 
that carbon nanotubes showed the best orientation along the [111] direction on the (111) -
SiC surface plane. 
After that she reported the synthesis of a large quantity of aligned CNTs by heating 
SiC wafer at 1700ºC for half an hour in a vacuum furnace (P=1x10-4Torr)[118]. The resulted 
CNTs were 2-5 nm in diameter and ~150 nm in length (Figure 2-15d). While TEM evidence 
of small-diameter CNTs has been presented, only a single Raman spectrum containing two 
weak peaks which were assigned to RBM modes of nanotubes has been published [134], 
raising a question about the content of nanotubes in these films. She investigated the interface 
between the CNT film and C face SiC. As previously discussed, all graphite (0002) planes 
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were perpendicular to the (0001) plane of SiC (CNTs grew perpendicular to the basal planes 
of SiC). However, on a step of SiC, graphite sheets lied down and became oriented parallel to 
the SiC basal planes, which suppressed CNT formation [119]. 
To investigate the formation mechanism of the CNT film, SiC wafers were heated at 
several temperatures (1300, 1500, 1700ºC) for 0.5 h in a vacuum of 1x10-4, then observed by 
TEM [119]. At 1500ºC the length of the CNTs formed were 50nm and 180nm for 0.5h and 
6h. Moreover, when a wafer was heated at 1500ºC for 0.5 h in a better vacuum (1x10-6), the 
length of the CNTs was only 25nm. Addition to these results, the observed segregation of 
oxygen at the interface between the CNT film and SiC plane led Kusunoki to suggest that 
residual oxygen in the vacuum chamber might play an important role in the formation of 
CNTs [119]. Based on these observations, in 1999, Kusunoki proposed a model for formation 
mechanism of the CNT film, which consisted of three stages. At temperatures above 1000°C 
(stage I), several graphite sheets were formed parallel to the (0001)SiC plane. At a 
temperature of ~1300°C (stage II), carbon nanocaps are formed by generation of bubbles of 
SiO gas. At stage III, the graphite sheets stand up and CNTs grow toward the interior of the 
SiC crystal.  
Soon after (in 2000), to made her statement stronger she studied the mechanisms of 
surface decomposition on both Si and C faces at lower temperatures by using cross-sectional 
HRTEM [122]. Once again she mentioned the importance of nanocap formation as the initial 
stage of CNT growth. Moreover, in this study for the first time, she reported a remarkable 
difference between the carbon structures formed on (0001)Si and (000-1)C faces of a 6H-SiC 
single crystals. While CNT growth was observed under various experimental conditions on 
the C face, only flat graphite sheets parallel to the surface were found on the Si face (Figure 
2-15). However, she could not explain the differences between the faces. 
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Figure 2-15 Cross-sectional HRTEM images showing surfaces of the C face heated at (a) 
1250ºC, (b) 1300ºC, (c) the Si face heated at 1350ºC for half an hour; (d) C face, (e) Si face 
heated at 1700ºC for half an hour. Inset in (d) shows the CNT film observed along a CNT 
axis plan-view direction (adopted and modified from) [119, 122]. 
 
 
 
Similarly in order to study the initial growth process of CNTs at lower temperatures 
(~1300ºC), Watanabe et al. [137] performed in-situ synthesis/observation of carbon 
nanotubes on -SiC (111) single crystal inside a TEM and proposed that the caps of the 
carbon nanotubes were formed by a lift of a part of the graphene through the generation of 
pentagons and heptagons. He showed that at 1360ºC, SiC began to change into amorphous 
carbon layers with many holes due to the desorption of Si atoms, and then crystallizes into 
graphite layers. After successive heating at the appropriate temperature two types of CNTs 
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were observed: SWNTs with a diameter of 0.8 nm and 1.5 nm and double-walled nanotubes 
(Figure 2-16). It was confirmed by STM observation that the ends of the carbon nanotubes 
were closed.  
 
 
 
 
Figure 2-16 Examples of in-situ HRTEM images of carbon nanotubes at 1360ºC. (a) SWNT 
with a diameter of 0.8 nm, near to the size of a fullerene C60, 0.7 nm (b) SWNT with a 
diameter of 1.5 nm (c) DWNT (d) DWNT shaped like a water-drop. An inner ring in 
concentric circles has a weak intensity compared to the outer one. It is suggested that the 
inner ring forms after the formation of the outer one [137]. 
 
 
 
Kusunoki investigated also the effect of surface orientation by studying the 
decomposition of (000-1), (1-100) and (11-20) planes. She showed that on the (11-20) plane, 
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a disordered CNT layer is formed. In contrast, on the (1-100) and (000-1) plane, aligned 
CNTs were formed. Moreover, the CNTs formed on (000-1) plane were all zig-zag type. 
There were also studies reporting different results [138, 139]. Derycke et al.[139] 
claimed to have observed SWNT growth on the Si face parallel to the crystal surface. 6H SiC 
wafers were rapidly heated in ultra-high vacuum (10-9 Torr) to 1650°C by passing a DC 
current through them, and maintained at this temperature for 15 min. Scanning tunneling 
microscopy (STM) and Atomic force microscopy (AFM) images showed highly ordered 
SWNT networks with a narrow size distribution in the 1.2 - 1.6 nm range (Figure 2-17).  
 
 
 
 
 
Figure 2-17 STM image of SiC Si surface after vacuum annealing a 1650°C [133]. 
 
 
 
Recently, Irle and Wang et al. [35, 140] have studied the time evolution of SiC 
surfaces under sublimation decomposition on both C and Si face types of surfaces by using 
quantum chemical molecular dynamics simulations. Small nanocaps can nucleate on the C 
face while planar graphene layers are observed on the Si face, due to the differences in the C-
C and Si-C bonds [35]. Using the preformed nanocaps, substantial nanotube growth was 
observed on the C face, both under sudden removal and random removal schemes for the 
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modeling of the Si evaporation process. If sudden removal is applied to the Si face, the 
surface is converted into a C face, and cap nucleation becomes possible. If “random removal” 
of Si atoms is applied to the Si face, they observed the formation of a graphitic sheet 
underneath the gradually evaporating Si layer.  
2.4 Summary and objectives 
Different CDC structures have been produced by chlorination and thermal 
decomposition. Chlorination experiments were done on polycrystalline, micro and macro 
objects on which the fundamental study is difficult – microstructure varies throughout 
sample, additives and impurities are present. Linear kinetics has been shown for sintered 
ceramics and fibers in the range of 1 - 50 mm, but it has not been studied on pure single 
crystalline materials and at initial stage. 
All vacuum decomposition experiments were done on wafers, and there is a 
controversy on structures formed on Si and C face. Different decomposition rates and C 
structures demonstrated on Si and C faces but the reasons are not clear. CNT formation on 
the Si face by Avouris’ group could not be reproduced by any other group. 
The objective of this study is to clarify CDC formation mechanism by using single 
crystal whiskers and wafers, in order to design the process conditions for controlling 
synthesis of specific carbon phases. 
 
 
 
 
 
  
39
We aim to answer the following questions: 
	 What is the reaction kinetics for single crystalline SiC at the nanoscale? 
	 Is the shape conserved? How precisely does the carbon formed follow the original 
shape of the carbide? What level of control over the transformation is possible on the 
nanoscale? 
	 What are the carbon structures obtained by different CDC techniques at nanoscale 
(chlorination and vacuum decomposition)? how do the following parameters affect 
the final carbon structure: 
o Reaction temperature, time 
o Dimensions of the initial SiC sample 
o Reactive and residual gases 
o Surface morphology 
	 Is chlorine etching defect selective? Would the etching patterns be the same for wet 
etching and chlorination? 
	 Is the decomposition behavior of Si and C faces of SiC different, why?  
	 How can the carbon structures on SiC be patterned? Is it possible to use CDC process 
as a lithography process? 
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3 MATERIALS AND METHODS 
3.1 Materials 
Most of the studies were performed on SiC whiskers since they are submicron single 
crystals with known orientation. Moreover, they have the advantage to be small enough to 
study directly in TEM without any special sample preparation and also big enough to study 
as single crystals by using Raman spectroscopy.  
As the larger single crystals, 6H SiC wafers were used in order to compare the results 
with whiskers and to resolve the discrepancies in literature concerning carbon formation on 
different faces of SiC wafers. 
3.1.1 SiC Whiskers  
Three different whisker batches were used (called as Type 1, 2 and 3). Type 1 
whiskers were produced by carbothermal synthesis on carbon felt [141] and used in 
chlorination and vacuum annealing experiments. However in wet etching experiments, fibers 
and small particles on fibers resulted in contamination which was difficult to separate from 
the whiskers, therefore Type 2 whiskers were used in wet etching experiments, since they 
were purified. Type 3 whiskers, which were very small in diameter, were used in order to 
study the effect of dimension on final carbon structure. 
Type 1 Whiskers 
 
SiC whiskers have been produced by the Institute of Materials Science, National 
Academy of Sciences, Ukraine, on the surfaces of polycrystalline SiC fibers by the 
carbothermal reduction of silica according to the reaction [142]: 
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SiO2 + 3C  SiC + 2CO       3-1 
Silica particles were deposited on the surface of the fibers by precipitation from an 
aqueous solution of sodium silicate according to the following reaction with hydrochloric 
acid: 
Na4SiO4 + 4HCl  SiO2 + 4NaCl + 2H2O     3-2 
Silicon carbide synthesis was conducted in a graphite crucible filled with a mixture of 
silica and graphite powders, which produced SiO and CO vapors on heating. The ratio of 
carbon to silica was approximately 3:1. The felt samples with silica coating were placed in 
the same crucible above the powder mixture. The SiC synthesis was performed in the 
temperature range 1400–1800±50ºC in Ar or N2. The content of inorganic impurities in the 
carbonized fibers was about 1 wt%, consisting mainly of CaO. Oxide impurities in silica also 
consisted mostly of CaO, and did not exceed 1 wt%. 
Figure 3-1 shows SEM micrographs of samples produced at 1750±50ºC from carbon 
fibers covered with silica. The 200–300 nm surface grains of rounded shape are believed to 
serve as nucleation sites for SiC whiskers (Figure 3-1a,b). Figure 3-1c demonstrates 
elongated grains, which may represent the initial stages of the whisker’s growth. These 
elongated grains had an average diameter of 200–300 nm and length of 400–1500 nm (aspect 
ratio of 2–5). One of their peculiarities is the presence of characteristic spherical bulges on 
the tips that suggests the vapor–liquid–solid (VLS) mechanism of whisker nucleation and 
growth [143]. Most whiskers grown on the fiber surface (Figure 3-1d,e) were about 100 m 
in length and again had a diameter of 200–300 nm. However, whiskers with diameters as low 
as 50 nm and as high as 500 nm could also been found. Most of the whiskers were straight 
with a periodically changing cross-section and bamboolike shape (Figure 3-1e), which is 
typical for whiskers reported in previous studies [144]. The contrast observed in low 
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resolution TEM micrographs (Figure 3-1f) was attributed to both stacking faults and 
thickness variations in the whiskers. 
 
 
 
 
Figure 3-1 Micrographs of samples produced by carbothermal reduction at around 1750ºC 
from carbon fibers covered with silica: SEM images of crystallized SiC fiber surface at (a) 
low and (b),(c) high magnification, with crystalline grains 200–300 nm in size clearly visible; 
(d) low and (e) high magnification SEM images of bunch of SiC whiskers growing on SiC 
fiber, most whiskers having columnar shape with average diameter 200–300 nm; (f) low and 
(inset) high resolution TEM micrographs of SiC whisker, former showing streaks primarily 
due to stacking faults in -SiC [141]. 
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The XRD study performed on SiC whiskers (Figure 3-2) indicated the formation of 
cubic -SiC in all these samples. The characteristic hexagonal SiC peak at 2 = 34º was also 
found in all XRD experiments and may derive from stacking faults in cubic SiC [145, 146].  
 
 
 
Figure 3-2 XRD patterns of SiC whiskers showing cubic () SiC crystal phase: small peak at 
around 34º characteristic of - SiC is attributable to stacking faults in -SiC. 
 
 
 
Raman spectra were recorded from clusters of whiskers and single whiskers dispersed on a 
gold substrate ( 
Figure 3-3). Both spectra showed peaks at 796 cm-1, coinciding with the TO band of 
-SiC. Compared to the Raman spectra taken from cluster, the one from a single whisker 
showed an asymmetric broadening (at 796 cm-1) and a shoulder at lower frequency, which 
were attributed to the presence of other polytypes (stacking faults).  
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Figure 3-3 Raman spectra taken from a single whisker and a whisker cluster  
 
 
 
Type 2 Whiskers 
Type 2 whiskers were manufactured by a pilot plant of Institute of General and 
Inorganic Chemistry, National Academy of Sciences, Ukraine. Raman and XRD studies of 
Type 2 whiskers showed very similar results to that of Type 1 whiskers, revealing that Type-
2 whiskers are also -SiC. Similarly, SEM studies showed that they were mostly hexagonal 
in cross-section (Figure 3-4a,b). Streaks in the selected area diffraction (SAD) (Figure 3-4d, 
inset) revealed the presence of stacking faults in -SiC.  
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Figure 3-4 (a,b) SEM and (c,d) TEM micrographs of Type 2 whiskers . 
 
 
Type 3 Whiskers 
Type 3 whiskers were also obtained from a pilot plant of Institute of General and 
Inorganic Chemistry, National Academy of Sciences, Ukraine. They were very thin (having 
diameter as small as 10 nm, Figure 3-5) and used to investigate the effect of size on the 
carbon structures formed. Similarly, Raman spectra showed that the whiskers were mainly 
cubic SiC (Figure 3-6). 
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Figure 3-5 SEM micrographs of Type 3 nanowhiskers. 
 
 
 
 
Figure 3-6 Raman spetra of as-received SiC nanowhiskers. 
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3.1.2 6H-SiC single crystals 
6H-SiC single crystal wafers, 0.37 mm in thickness with epi-ready polished (0001) Si 
face and optical quality polished (000-1) C face on axis without any dopants (resistivity>105 
ohm·cm) were obtained from INTRINSIC Semiconductor Corp. (acquired by Cree Inc.).  
Raman studies confirmed the 6H-hexagonal crystal structure of the wafers (Figure 
3-7). Optical microscope (OM) images showed that the C face was full of micro-scratches 
while the Si face was smooth (Figure 3-8).  
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Figure 3-7 Raman spectra of as-received 6H-SiC 
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Figure 3-8 Optical microscope images of (a) Si and (b) C face of as-received SiC wafer. 
 
3.1.3 Other materials used for comparison 
Arkema MWCNT of 5-20 nm in diameter [147], Double-wall carbon nanotubes 
(DWCNT) produced at Paul Sabatier University, Toulouse, France, by E. Flahaut [148] and 
Pure Black carbon black from Superior Graphite were used for comparison of properties with 
carbon structures produced on SiC wafers by vacuum annealing. 
3.2 Experiments 
Carbide derived coatings were synthesized by using two different techniques: 
chlorination and thermal decomposition in a vacuum furnace. In order to compare the etching 
mechanisms, wet etching experiments were also performed on whiskers. 
3.2.1 Experimental set-up for chlorination 
Chlorination was preformed on SiC whiskers and single crystalline wafer. The 
experimental setup used for synthesis of CDC is shown in Figure 3-9. As-received sample 
was placed in a quartz boat inside the quartz tube (length = 12 inch, diameter = 1 inch) of a 
tube furnace.  
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Figure 3-9 Experimental setup for chlorination. 
 
 
 
To remove the air from the quartz tube, Ar gas (Air Gas, ultra high pure grade) was 
purged for 20 minutes. A bubbler containing sulfuric acid was attached to the exhaust tubing 
to prevent back-flow of air into the system. The furnace was then heated to the desired 
temperature under Ar purge. The reaction gas (Cl2 or HCl; Air Gas, ultra high pure grade) 
was introduced into the furnace at a flow rate of 15 cm3/min when the desired temperature 
(700–1200ºC) was reached. At the end of each experiment, samples were cooled down to 
room temperature in a flowing Ar atmosphere. 
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3.2.2 Vacuum furnace 
Thermal decomposition was performed on SiC whiskers and 6H-single crystals by using 
a high-vacuum furnace (Solar Atmosphere, Hermitage, PA).  Samples were placed in a 
graphite crucible (Figure 3-10b) at the center of the vacuum furnace. Once the vacuum had 
reached to ~10-6 Torr, the samples were heated to 1200-2000ºC. The heating rate was 
10ºC/min and the pressure in the vacuum chamber (at the highest temperature) was 10-6 Torr. 
The environment could be controlled by adding CO, CO2 or air through a leak valve. 
Experiments at lower vacuum (10-4 Torr) were also conducted. 
 
 
 
 
 
Figure 3-10 (a) Schematic illustration of side view and (b) top view of graphite sample 
crucibles (c) Vacuum furnace at Drexel University, donation to the Department of Materials 
Science and Engineering by Solar Atmospheres, Inc. A large (7.5” diameter x 14.5” deep) hot 
zone constructed with energy efficient graphite insulation allows a maximum temperature of 
~ 2200ºC with extremely high thermal uniformity within the zone (± 5ºF). 
  
51
3.2.3 Wet etching  
Whiskers were also etched in the 3:1 mixture of 47-52% HF (Fisher Scientific) and 
70% HNO3 solutions (Acros Organics) at 100°C for 3 hr in a Teflon beaker on a hot plate. 
After etching, whiskers were subsequently washed with DI water and collected on a 
polypropylene membrane with a pore size of 0.2 m.  
3.3 Materials characterization methods 
3.3.1 Sample Preparation 
Whiskers 
To separate the agglomerated whiskers, they were ultrasonically dispersed in 
isopropanol for 15 sec. Subsequently, a droplet was deposited on a lacey-carbon coated 
copper grid (200 mesh) for TEM analyses, on Si substrate for SEM, and on an Au-coated 
substrate for Raman spectroscopy studies. The whisker samples for XRD were prepared by 
mixing the sample with acetone in a mortar. The slurry was then coated on a pre-frosted glass 
slide (Fischer Scientific). 
Wafers 
For SEM and Raman studies, wafers were fractured by initiating a small notch using 
diamond pen to investigate the cross-section and the surface of the coatings. Fractured wafer 
pieces were attached to a metal sample holder using a conductive carbon tape.  
For TEM studies of the carbon coating produced on SiC wafer; the film was scrapped 
from the top of the wafer by using a TEM grid with a droplet of isopropanol.  
AFM studies were directly performed on wafers without any special sample 
preparation. 
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3.3.2 Raman spectroscopy 
Raman effect involves the scattering of photons by phonons with change in energy 
and wave vector[149]. However, the fact that the wave vector of light is small means that the 
changes in wave vector through scattering process must also be small. This means that 
measurements are restricted to phonons with wave vectors that are barely different from zero 
when compared with the range of wave vectors within the Brillion zone. For a vibration to 
scatter a phonon by the Raman Effect it has to be one whose atomic displacements change 
the crystal polarizability. Such a mode is said to be Raman active. 
In this work, Micro-Raman studies were performed to characterize SiC whiskers and 
wafers and the carbon structures formed on SiC samples. Raman analysis was carried out 
using a Ramascope 1000 Raman microspectrometer (Renishaw, UK) equipped with a 
charged coupled device (CCD) detector and an optical microscope for focusing the incident 
laser beam to a 1–2 m spot size. An Ar ion laser (514.5 nm) was used as an excitation 
source unless otherwise is mentioned. The deconvolution of Raman spectra was performed 
with the aid of spectral analysis software (GRAMS 32, Salem, NH). To obtain the positions 
and intensities of Raman peaks of carbon, the spectra were fitted using a combination of 
Gaussian–Lorentzian peaks. 
 
3.3.3 Scanning electron microscopy 
A Philips XL-30 environmental field-emission SEM (FESEM) and a field-emission 
SEM Supra 50VP, Zeiss (Germany) with an energy-dispersive X-ray spectrometer (EDS, 
Oxford, UK) were used to image samples and analyze their elemental composition. 
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Optimizing the working distance and beam parameters (spot size, current, 
acceleration voltage) along with alignment and correction of astigmatism is a crucial part of 
SEM imaging. In order to get high resolution images we used working distance as low as 3 
mm; and to obtain information from the very top surface layer, we used a relatively low 
voltage electron beam (1-5kV) that will not penetrate too deeply into the sample (Figure 
3-11). 
 
 
 
Figure 3-11 Effect of accelerating voltage on SEM imaging. (a) Image obtained with 30 kV 
acceleration voltage. (b) Image obtained with 3 kV. One can see the surface details more 
clearly in (b). 
3.3.4 Transmission electron microscopy 
A 200 kV field-emission electron microscope (JEOL 2010F) with an imaging filter 
(Gatan GIF, Tokyo, Japan) was used for TEM analyses. Experiments were performed at the 
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regional materials characterization facility, LRSM, at the University of Pennsylvania. 
Electron energy loss spectroscopy (EELS) was performed in the scanning mode of TEM.  
3.3.5 X-Ray diffraction 
XRD was performed on whiskers to identify the polytype. XRD analysis was done 
using Rigaku diffractometer with CuK radiation ( = 0.154 nm), operated at 30 mA and 45 
kV. XRD patterns were collected using step scans, with a step size of 0.05º (2) and a count 
time of 2s per step.  
3.3.6 Atomic force microscopy  
AFM (DI 3000, Digital Instruments, US) was performed to study the topography of 
carbon coatings produced on SiC wafers. The tip was Si with radius of 25nm. The tapping 
mode was used for imaging. 
3.3.7 Nanoindentation (Depth-sensing indentation) 
Nanoindentation studies were performed using a NanoIndenter XP (MTS, US) with a 
1-μm spheroconical indenter. Continuous stiffness measurement was performed to determine 
the modulus change as the indenter penetrates the nanotube film. Stress-strain diagrams were 
calculated following the technique described in ref. [150] 
3.3.8 Thermogravimetric analysis 
Thermogravimetric analysis was performed in air using a thermobalance (TGA 7, 
Perkin Elmer, US).   
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3.3.9 Materials studio modeling 
Materials Visualizer (MS Modeling product) offers a wide range of model building 
and visualization tools that allow to rapidly constructing models of the systems of interest. In 
this study, the visualization component of (Accelrys) Materials Studio Modeling 4.0 
(Materials Visualizer) was used to provide a graphic visualization of SiC and carbon 
(graphite and nanotubes) structure and interfaces between the carbon and SiC. 
3.3.10 Safety issues 
Since materials used in this work present potential health risks, special handling was 
required in case of SiC whiskers, carbon nanotubes and aggressive acids used in this work. 
Acid resistant gloves, coat and safety goggles were used during handling HF and HSO4. 
Mask was used during the experiments with whiskers and carbon nanotubes. Experiments 
involve acids, whiskers and nanotubes were conducted inside the fume hood. 
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4 RESULTS AND DISCUSSION 
4.1 CDC formation on SiC Whiskers 
For carbon synthesis on -SiC whiskers two different elevated temperature methods 
were used: chlorination and vacuum decomposition. 
4.1.1 Chlorination  
The chlorination experiments were performed in pure Cl2 and HCl, according to the 
reaction 2-1 and: 
SiC(s) + HCl(g)  SiCl4(g) + C(s) + 2H2     4-1 
4.1.1.1 Kinetics 
In order to determine the kinetics of the chlorination reaction, the thicknesses of the 
carbon coating were measured from the TEM images taken from the whiskers chlorinated at 
700C for 30min, 1 h, and 2 h. Relatively long chlorination times were selected for better 
accuracy of the measurements as the time needed to change the environment from Cl2 to Ar 
is finite and difficult to estimate. The choice of temperatures was also limited. At 
temperatures below 700C, CDC coatings were too thin to estimate the thickness precisely, 
while at above 800C the whiskers become completely transformed into CDC at shorter 
times. Thicknesses were measured at 10 different points on 20 different whiskers. Then, these 
thickness values were averaged and plotted as a function of chlorination time (Figure 4-1). 
The kinetics of the chlorination reaction in a pure chlorine environment was found to be 
  
57
linear, which is in agreement with previously reported data for SiC ceramics [151] and fibers 
[152]:   
d = kt          4-1 
where d is the carbon-layer thickness, k is the linear rate constant (in m/s), and t is the time. 
This indicates that the transformation rate was controlled by the interface reaction and not by 
the diffusion of the reactive species at 700C. The observed linear kinetics should provide an 
easy and precise control over the thickness of a CDC layer on a SiC substrate. At 700C, k 
was determined to be 2.5x10-12 m/s. This value is considerably smaller than the linear rate 
constant obtained for chlorination of SiC fibers (2.3x10-8 m/s). The observed difference in 
reaction kinetics might be attributed to a higher defect concentration in nanocrystalline fibers 
compared with single-crystalline whiskers. 
 
 
 
Figure 4-1 Kinetics data plot for chlorination of SiC by reaction 4-1 in chlorine environment: 
thickness of the carbide-derived carbon (CDC) coating formed at 700C as a function of 
time. The standard deviation of the experimentally observed CDC thickness values (d) are 
indicated by vertical bars on the plot. 
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4.1.1.2 Morphology 
The shape of the transformed whiskers was studied by using TEM at different stages of 
the transformation (Figure 4-2). Figure 4-2 (a.i) shows the characteristic shape of an original 
single SiC whisker. Figure 4-2 (a.ii) shows the intermediate stage of the transformation, 
where a thin carbon coating has formed following the topography of a SiC whisker exactly. 
At the final stage (Figure 4-2a.iii), when SiC was completely transformed to carbon, the 
shape of the final carbon whisker was found to be identical to the original SiC whisker. The 
structures of the whiskers shown in Figure 4-2 (a) were studied using Raman spectroscopy. 
Figure 4-2 (b.i) shows only the transversal (TO) and longitudinal (LO) optical phonons of 
SiC at 789 and 955 cm-1, respectively. No carbon was detected. At the intermediate stage of 
the transformation (Figure 4-2 (b.ii)), disordered graphite peaks appeared in the spectra at 
1594 cm-1 (graphite (G)-band) and at 1343 cm-1 (disorder induced (D)-band). During the 
transformation of SiC to carbon, the intensity of the SiC peaks decreased, while the intensity 
of disordered graphite peaks increased, as expected from the TEM observations. Raman 
analysis Figure 4-2 (b.iii)) of a completely transformed whisker (Figure 4-2 (a.iii)) confirmed 
the complete transformation to carbon; no SiC peaks were observed.  
 
 
  
59
 
 
Figure 4-2 (a) Transmission electron microscopy micrographs and (b) Raman spectra of SiC 
whiskers at different stages of the transformation to carbon: (i) initial: as-received SiC 
whisker, (ii) intermediate: carbon coating on SiC whisker, and (iii) final: completely 
transformed to amorphous carbon. The whiskers were treated in Cl2 at 700C (ii) and 1200C 
(iii). 
 
 
 
The shape of the chlorinated whiskers was also studied in SEM. No noticeable change 
could be detected in the morphology of the chlorinated whiskers at all temperatures. Figure 
4-3a shows the SEM micrograph of the whisker fully transformed into carbon by chlorination 
at 1200C. Although one could still observe the stacked crystalline platelets and a hexagonal 
cross section typical for all SiC whiskers, TEM and Raman studies showed that the whisker 
consisted of only disordered graphitic carbon. HRTEM analyses of the CDC samples 
produced in the Cl2 environment at various temperatures in the 700–1200C range showed 
amorphous carbon. Small graphite ribbons were occasionally found in the amorphous carbon 
matrix (Figure 4-3b).  
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Figure 4-3 (a) Scanning electron microscopy micrograph showing an amorphous carbon 
whisker obtained by chlorination of a cubic-SiC whisker for 5 min at 1200C in a Cl2 
environment. (b) High-resolution transmission electron microscopy (HRTEM) image of 
carbide-derived carbon (CDC) coating on a SiC whisker after chlorination for 1 h at 750C.  
 
 
4.1.1.3 Initial stages of transformation 
In order to better understand the transformation from SiC to carbon, the interface 
between SiC and carbon coating was observed at the initial stages of carbon formation. 
First of all, it is important to determine the surface plane of SiC at the interface 
between SiC and carbon. Theoretical and experimental studies showed that the side surfaces 
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of SiC whiskers with hexagonal cross-section displayed a type of zigzag structure and were 
composed of {111} planes [153]. 
Figure 4-4a shows a cross-sectional HRTEM micrograph of the interface between the 
carbon coating and SiC heated at 800ºC for 5 min together with a SiC model. At the interface 
(0002) graphite lattice fringes almost parallel to the SiC (111) plane perpendicular to the 
surface were observed. At the boundary it is observed that each graphite fringe originates 
from two carbon layers of (111)SiC. However, this structure could not be preserved and 
disordered carbon was observed throughout the coating. 
 
  
Figure 4-4 (a) HRTEM micrograph of the interface between the carbon coating and the SiC. 
(b) Schematic of projected structure of the 3C-SiC/carbon interface. 
 
 
 
The {111} planes of SiC have the highest atomic density of Si and C atoms. 
However, the carbon atom density in one graphene layer (56 C atoms/nm2) is higher than 
twice of the carbon atom density in one carbon layer of (111)SiC (24 C atoms/nm2). Therefore, 
decomposition of more than two carbon layers is needed to make one plane of graphene. 
However, in that case the distance between the graphene layers formed becomes too big (0.5 
nm) compared to that of graphite (0.335 nm). Since diffusion rate of carbon is very low at 
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low temperatures like 800ºC, the graphitic structures formed at the boundary cannot be 
preserved and amorphous, disordered structures are formed.  
4.1.1.4 Effect of chlorination temperature 
The effect of chlorination temperature on structure was also studied through Raman 
spectroscopy. To reduce the effect of annealing on CDC structure, a short processing time (5 
min) was chosen. However, below 800C, such a short chlorination time does not produce 
enough CDC thickness for Raman spectroscopy studies. Therefore, Raman studies (Figure 
4-5(a)) were performed on the whiskers that were chlorinated at various temperatures ranging 
from 800 to 1200C for 5 min. 
The Raman peak at 1580 cm-1
 
is assigned to the Raman active vibrational mode of 
graphite (E2g) and is called the G band. The other band at 1350 cm-1 is attributed to the 
disorder in graphite, and is called the D band. In general, the ratio of the D band intensity to 
the G band intensity can be used as a measure of the degree of ordering in carbon samples 
[154].  
Increasing the chlorination temperature resulted in a near-linear decrease in the ratio 
of the integral intensities of D- and G-bands (R) from ~2.2 to ~1.6 (Figure 4-5b). The 
observed decrease in the R ratio can be explained by the increase in the ordering of graphite 
with increasing temperature. Broad peaks like the ones shown in Figure 4-5a are typical of a 
very disordered carbon confirming that the amorphous carbon is formed at the initial stage at 
all temperatures up to 1200C. 
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Figure 4-5 (a) Raman spectra of the whiskers chlorinated for 5 min at various temperatures; 
(b) ratio of the integral intensities of D- and G-bands (R) as a function of chlorination 
temperature. 
 
 
4.1.1.5 Effect of hydrogen 
Raman studies performed on samples treated in HCl at temperatures of 750, 1000, 
and 1200ºC for 1h and even those treated at 1200ºC for 4 h showed no carbon peaks. Carbon 
formation was only observed when the chlorination time at 1200ºC was increased to 9 h, 
indicating a rather slow reaction with a long incubation period. Based on kinetics 
experiments described previously, we expected the CDC formation kinetics in SiC treated in 
HCl to be linear. In this case, the sample processed at 1200ºC for 4 h would have shown 
either partial or complete transformation, but this was not detected.  
One of the possible explanations for the observed long incubation period is the 
presence of a native oxide on the surface of SiC that needs to be removed first, and it appears 
it requires a longer time in HCl compared with etching in pure chlorine [88]. A very slow rate 
of reaction (4.2), which is thermodynamically less favorable than reaction (4.1), may also 
explain the lack of coating. If the CDC formation is slow, the carbon film can be etched by 
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gaseous species (H2, HCl, or traces of oxygen in the furnace). A similar behavior has been 
observed in chlorination of SiC ceramics in Cl2–H2–Ar gas mixtures [88]. Pretreatment in 
pure Cl2 was used in those studies to initiate CDC growth on a SiC surface. After initial 
treatment in Ar–Cl2 and nucleation of carbon, stable CDC growth was observed in a Cl2– H2–
Ar environment. Figure 4-6 shows the typical shape and the structure of the whiskers 
transformed into carbon in HCl environment. The conservation of the overall shape of the 
whiskers was evident from both SEM (Figure 4-6a) and low-resolution TEM (Figure 4-6b).  
HRTEM micrographs (Figure 4-6c,d) show a typical microstructure of the whiskers 
processed in HCl: fullerene- like arrangements of carbon atoms, similar to that reported for 
the treatment of -SiC powder in a H2–Cl2 gas mixture [100]. The arrows in Figure 4-6c,d 
mark curved and closed single-walled carbon shells. Similar to fullerenes, these structures are 
probably made of hexagonal and pentagonal carbon rings. The CDC structure formed was 
found to be very uniform. Surprisingly, in spite of high temperature of the process and a long 
processing time, no graphite ribbons were observed in the samples, curved carbon structures 
showing higher stability in the presence of HCl. These structures are considerably more 
ordered than the CDC formed in a Cl2 environment, which is mostly amorphous. This is 
probably owing to the fact that hydrogen increases the surface diffusion rate of carbon [155]. 
Figure 4-7 shows the Raman spectrum of this sample. The intensity of the G-band was found 
to be lower than the D-band. On the other hand, it is known that the presence of hydrogen can 
stabilize dangling bonds and lead to the formation of sp3 carbon [88]. However, no diamond 
crystals were found in TEM studies of chlorinated samples. As the G-band is related to in-
plane vibrations of graphite [156], the lower intensity of G-band may be attributed to the 
decreased amount of sp2 pairs owing to the presence of H2 released by HCl.  
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Figure 4-6 Scanning electron microscopy (a) and TEM micrographs (b–d) of the carbide-
derived carbon coating on a SiC whisker produced by treatment in HCl for 9 h at 1200C. 
 
 
 
 
  
66
 
 
Figure 4-7 Raman spectrum of a whisker processed in HCl for 9 h at 1200C. 
 
 
 
4.1.2 Vacuum Decomposition 
4.1.2.1 Morphology of the CDC coating 
Figure 4-8a,b show the ordered graphitic CDC structures obtained by annealing of SiC 
whiskers for 30 min in vacuum at 1700C. Similar to the previously described processes, the 
treated whiskers retained their original shape as shown in SEM (Figure 4-8c) micrographs.  
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Figure 4-8 Transmission electron microscopy micrographs of carbide-derived carbon 
coatings (a) on the surface and (b) at the corners (c) SEM image of the whiskers obtained by 
a 30-min annealing of SiC whiskers in high vacuum at 1700C. 
 
 
When we increased the vacuum treatment temperature to 2000C, all SiC transformed 
into well-ordered graphitic carbon. The same cross-sectional shape was found by TEM 
studies (Figure 4-9a). SEM investigations (Figure 4-9b) revealed that the general hexagonal 
cross-section structure was preserved. 
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Figure 4-9 Micrographs of carbide-derived carbon whiskers obtained by a 30-min annealing 
of SiC whiskers in high vacuum (P=10-6 Torr) at 2000C: (a) transmission electron 
microscopy micrograph; the inset shows a magnified image of one of the steps on the 
whisker surface; (b) scanning electron microscopy micrograph of a similar graphite whisker 
obtained in the same experiment. 
 
 
 
Raman spectra (Figure 4-10) obtained from vacuum-treated whiskers at 1700C and 
2000C verified the ordered graphite structure of the CDC by demonstrating a high intensity 
graphitic G-band and a correspondingly low R (D-band intensity/G-band intensity) ratio. 
Increasing the vacuum treatment temperature from 1700C to 2000C resulted in a decrease 
in the R ratio from 0.50 to 0.22, and indicated a further increase in graphite ordering.  
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The ratio of the intensities of these bands (ID/IG) has been shown to be proportional to 
1/La, where La is the in-plane crystallite size of graphite in the range 2.5 nm<La<2000 nm 
[157]: 
La = 4.4 (ID/IG)-1 (nm)             4-2 
Using  this relation, one obtains an in-plane crystallite size of graphite 8.8 nm and 20 
nm for the samples treated at 1700ºC and 2000ºC, respectively. For whiskers treated at 
2000C, we also observed a downshift of D- and G bands in Raman spectra and wrinkling in 
SEM micrographs (Figure 4-9b). This may be an indication of compressive stress in the 
graphite coating.  
 
 
 
 
Figure 4-10 Raman spectra of the carbide-derived carbon (CDC) specimen prepared by a 30-
min vacuum treatment of SiC whiskers at (a) 1700C and (b) 2000C.  
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4.1.2.2 CNT observations 
We generally did not observe CNT formation on the tip of the whiskers as we 
initially expected. Only occasionally when the tip of the whisker was broken and a 
sufficiently large flat area of the C face SiC basal plane was exposed to the vacuum during 
the annealing, some large multi-walled CNT-like structures were produced (Figure 4-11). As 
one may notice, due to the irregular shape of the whisker, its relatively small diameter and 
thus strong effect of the edges, the shape of the nanotubes is highly distorted and the average 
wall thickness of the formed structures noticeably exceeds that of CNTs obtained by 
Kusunoki et al.[126]. Therefore, in order to understand this phenomenon we studied the 
vacuum decomposition on SiC single crystal wafers which is given in the Chapter 4.3.   
 
 
 
 
Figure 4-11 Tip of a broken SiC whisker annealed in vacuum at 1700°C for 30 min: TEM (a) 
and HRTEM of the framed section of the whisker (b), demonstrating growing MWCNT-like 
structures [3]. 
 
 
4.1.2.3 Effect of size 
To examine the effect of whisker size on the carbon structure formed at the surface, 
we performed vacuum annealing experiments on nanowhiskers (Type 3 whiskers). After 
vacuum annealing at 1700ºC for 30 min, all SiC has transformed to carbon (Figure 4-12). 
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TEM studies showed that chain-like carbon structures formed on whiskers with ~10 nm 
diameter.  
A very high intensity of the 2D band at 2704 cm-1 (higher than that of the G-band) 
has only been observed for scrolled carbon whiskers, graphite polyhedral crystals [158] and 
graphene [159]. Probably very thin, graphene-like walls of these cellular structures may be 
possible for this spectrum. 
 
 
Figure 4-12 (a) TEM image and (b) Raman spectrum of nanowhiskers vacuum annealed in 
1700ºC for 30 min. 
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4.2 Comparison of dry etching with wet etching 
In order to compare the etching mechanisms, in addition to chlorination (high 
temperature chemical etching), whiskers were etched by wet electroless etching. In general, 
the wet etching of semiconductors involves oxidation of the semiconductor surface and 
subsequent dissolution of the resulting oxides. Oxidation requires holes (removal of 
electrons) which are supplied by adding a strong oxidizing agent (HNO3) in this study. The 
selectivity of the two methods was compared by studying the surface of the SiC whiskers. 
4.2.1 SiC surface after the removal of CDC coating 
In order to examine the selectivity of chlorination, the interface between SiC and 
carbon coating was studied after removal of  carbon coating by oxidizing in air at 500ºC for 
30min. Figure 4-13 shows SEM image of -SiC whiskers chlorinated at 700ºC for 7 hrs. The 
SEM images show that many triangular etch pits were formed on the surface of the -SiC 
whiskers. Because -SiC can be distinguished from -SiC by its trigonal etch pits, their 
presence confirms that the SiC whiskers are -SiC. On the basis of defect-selective wet 
etching of -SiC with KOH, these etch pits probably correspond to the dislocations that are 
associated with closely spaced parallel 
111stacking faults. Higher reaction rate of 
dislocations can be explained by the weaker bonding in these regions. However, etch pits 
reveal the (111) planes showing that etching is slower in these planes. This is most probably 
because the {111} planes have three backbones and only one dangling bond to react with 
chlorine.  
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Figure 4-13 Surface of a whisker after removal of carbon coating by oxidation. (Carbon 
coating was produced by chlorination for 7hr at 700ºC). 
 
 
4.2.2 Wet etching experiments 
Typical SEM and TEM images of the whiskers after etching in HF:HNO3 (3:1) 
mixture at 100ºC for 3h are shown in Figure 4-14. Clearly, the etching process was very 
selective to some parts of the whiskers, resulting in the formation of very unusual ordered 
nanostructures (Figure 4-14a-d), consisting of ~10-nm-thick platelets that are strung through 
a SiC rod. The formed nano-objects mimic some advanced architecture such as Japanese 
pagodas. Figure 4-14e,f shows HRTEM image of hexagonal platelet separated from the 
whisker. The EDS analysis (Figure 4-14g) of whiskers also showed that they are composed 
of Si, C, and O and there is no significant difference in the chemical composition of as-grown 
and etched whiskers. 
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Figure 4-14 (a,b) SEM and (c-f) TEM micrographs of etched SiC whiskers. (g) EDS spectra 
taken from etched whiskers. 
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Raman spectroscopy analysis 
Figure 4-15 shows the representative Raman spectra of single SiC whiskers before and 
after etching. The Raman spectrum of the original whiskers showed a broad asymmetric band 
suggesting the presence of cubic SiC with hexagonal polytype (stacking faults) (Table 4-1). 
However, the Raman spectrum of etched whiskers showed a single strong peak centered at 
796cm-1, suggesting that the stacking faults (hexagonal SiC) was etched faster than cubic 
SiC. 
 
 
 
 
 
Figure 4-15 Raman spectra of as-grown and etched SiC whiskers produced by analyzing 
large clusters of whiskers for a statistically averaged result. 
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Table 4-1 Positions of Raman bands for common SiC polytypes (according to reference 
[160]). 
 
 Frequency (cm-1) 
Polytype Planar acoustic  
TA 
Planar optic  
TO 
Axial acoustic 
LA 
Axial optic  
LO 
3C -- 796* -- 972 
2H 264* 764*, 799 -- 968 
4H 196,204*,266 776*, 796 610 838, 964 
6H 145, 150*, 236, 241, 266 789*, 797 504, 514 889 
15R 167, 173*,255, 256 769, 785*,797 331,337,569,577 860,932,938,965 
(*) TA and TO modes with maximum intensity 
 
 
One mechanism for the occurrence of stacking faults in the perfect SiC single crystals 
is the motion of partial dislocations in the basal planes, the partial dislocations leaving behind 
stacking fault regions [161]. Through HRTEM studies, Nutt et al. [162] also showed that 
some of the stacking faults in SiC whiskers were bounded by partial dislocations. These 
defects typically appeared in the shape of a “V” or “U” oriented such that the arms extend 
away from the core region to the whisker periphery (Figure 4-16d). 
In etched whiskers (Figure 4-16) we also observed that the core region which is 
supposed to be cubic is left (Figure 4-16b). Therefore, based on the data in literature and our 
observations, the cross section of the whisker can be schematically shown as in Figure 4-16e.  
Clearly, the wet etching dissolved most of the -SiC (stacking faults) present in the 
as-grown whiskers leaving cubic areas. The higher dissolution rate of hexagonal regions 
(stacking faults) compared to cubic can be explained by higher hole availability and therefore 
higher oxidation rate of cubic SiC compared to that of the hexagonal one.  
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Figure 4-16 SEM image of the etched whiskers’ (a) surface, (b,c) fractured cross section, (d) 
TEM image of a SiC whisker cross section showing partial dislocations lying in the radial 
directions and core region, from ref. [162] (e) Schematic drawing of the whisker cross-
section showing the SF and dislocation regions. 
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Iwata et al. [163] studied the electronic properties of SFs in SiC, and revealed that 
certain types of SFs in SiC can give rise to electrically active states in the fundamental band 
gap. Since the conduction band offsets between the cubic and hexagonal polytypes are very 
large with the conduction band minima of 3C–SiC lower than that of the other polytypes, 3C 
regions can introduce locally lower conduction bands, thus acting as quantum films 
perpendicular to the c-axis (Figure 4-17). Since electroless reaction takes place due to the 
availability of holes and a cubic region represents an efficient trap for electrons, hexagonal 
regions are oxidized and therefore etched faster. 
 
 
 
Figure 4-17 A simple quantum well model for the stacking fault structure [163].  
 
 
As a summary, chlorination of SiC is a chemical etching which preferentially attacks 
the defect sites due to energy relaxation (release of core energy). In chlorination of -SiC 
whiskers, dislocations are revealed as the triangular pits at the surface. On the other hand the 
stacking fault areas between these dislocations can be revealed by electroless etching. 
  
79
4.3 CDC formation on 6H-SiC single crystalline wafers 
4.3.1 Chlorination  
SEM pictures of Si and C surface of the 6H single crystalline wafers after 
chlorination for 7h at 1000ºC are shown in Figure 4-18. Together with SEM studies, Raman 
spectra (Figure 4-18c) taken from different regions (as numbered in Figure 4-18a,b) of the 
samples showed that on Si face only on specific locations carbon was formed, while, on C 
face a continuous carbon film was formed. This film could be easily detached by scratching 
the surface with a metal tip. 
SEM and OM observations (Figure 4-18a,d) showed that the regions that carbon 
formed on Si face appeared to be hexagonal in shape; which is a characteristic shape for 
dislocations in hexagonal SiC revealed by chemical etching [48].  Therefore, in parallel with 
chlorination of whiskers revealing dislocations as triangular etch pits in cubic SiC, 
chlorination of wafers led to selective etching of the defective regions. 
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Figure 4-18 SEM pictures of (a) Si and (b) C surface of the 6H single crystalline wafers after 
chlorination at 1000ºC or 7 hr.(c) Raman spectra taken from different regions (as numbered 
in a and b) of the sample surfaces. (1) From Si face without carbon formation, (2) From Si 
Face, inside the hexagonal etch pit, showing carbon formation, (3,4) From C face (d) optical 
microscope image of hexagonal pits produced on Si face. 
 
 
 
4.3.2 Vacuum decomposition 
The as-received single crystal SiC wafers were heated for 4h at six temperatures 
(1400, 1500, 1600, 1700, 1800, and 1900C) in a vacuum of 10-6 and 10-4 Torr. The effect of 
temperature, pressure, environment (residual gases); surface polarity, and morphology were 
investigated.  
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4.3.2.1 High Vacuum Experiments 
Optical photographs of wafers (Figure 4-19) show the color change as the thickness 
of the carbon film increases with temperature. Raman microspectroscopy analysis (Figure 
4-19a) showed that the decomposition rate of SiC on the C face at 10-6 Torr is higher than 
that on the Si face. G-band of graphite is clearly seen on the C face after annealing at 1400°C 
and carbon completely shields SiC bands in the samples annealed at 1600°C and above 
(Figure 4-19b). On the Si face, G-band only becomes pronounced at 1600°C, but formation 
of graphene layers can be observed on the Si-surface at 1400°C by monitoring second order 
peaks of graphite (G’ or 2D band)[164] that don’t overlap with overtones of SiC. Carbon 
formed on Si face is more ordered than the carbon formed on C face at all temperatures, as 
demonstrated by the absence of D (disorder-induced)[154] band (Figure 4-19a). 
 
 
 
 
Figure 4-19 Carbon formation on 6H SiC. Raman spectra of an as-received SiC wafer and 
carbon structures formed on a, Si face, and b, C face by annealing for 4 hrs at different 
temperatures (excitation wavelength 514.5 nm). Optical photographs of wafers are overlaid 
to show color change as the thickness of the carbon film increases with temperature.  
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Carbon structures on (0001) Si face 
AFM and SEM observations of carbon layers on the Si face (Figure 4-20) have 
revealed that first graphene formation starts in the vicinity of surface steps (terraces) (Figure 
4-20b) and then graphene sheets parallel to the SiC surface covers the surface. It is important 
to note that wrinkles with the height of 0.5-2 nm at 1400°C and increasing to 20 nm or more 
at 1900°C (Figure 4-20b,c) were seen on the graphite surface. These images are very similar 
to the AFM images which were interpreted as that of nanotubes (Figure 4-20e) in Refs.[139, 
165].  
We also studied graphene formation by Raman spectroscopy (Figure 4-21a)  and 
compared with results of Ferrari et al.[159] who studied single, bi, and multilayers of 
freestanding graphene layers by using Raman spectroscopy (Figure 4-21b). Figure 4-21b 
shows the evolution of the 2D (G´) band as a function of layers for 514.5nm excitation. As 
can be seen from figure, a bilayer has a much broader and up-shifted 2D band with respect to 
graphene. Moreover, further increase in the number of layers leads to a significant decrease 
of the relative intensity of the lower frequency peaks (Figure 4-21b). For more than 5 layers, 
the Raman spectrum becomes hardly distinguishable from that of bulk graphite. However, in 
our measurements we observed a downshift with the increase in graphene layer thickness. 
This difference can be explained by the surface stresses, since graphene layer were not free 
but attached to the SiC substrate in our experiments.  
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Figure 4-20 Wrinkled graphite on the Si face of SiC annealed in vacuum. (a) AFM and (b) 
SEM image of the Si face of SiC annealed for 4 h in vacuum at 1400C.  Wrinkles (0.5-2 nm 
in height) are occasionally observed near the surface steps (steps are almost invisible). RMS 
roughness of the surface = 0.42 nm. (c) AFM image of the Si face of SiC annealed for 4 h in 
vacuum at 1600C. Wrinkle height is 1-2 nm in average. Wrinkle width is beyond the 
microscope/probe resolution (< 10 nm).  RMS surface roughness = 0.8-0.9 nm (d),(e) SEM 
image of the Si face of SiC annealed for 4 h in vacuum at 1900C. Fracture surface in (e) 
shows that bright lines in (d) are wrinkles in graphite. (f) AFM image interpreted as 
SWCNTs on SiC [139] 
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Downshift in Raman spectra suggests that as the thickness increases tensile stresses 
form at the surface. Observation of wrinkles suggests, in opposite, the existence of the 
compressive stresses and can be explained by thermal expansion mismatch of SiC (4-5 x10-6 
K-1)[166] and graphene (1-1.5 x10-6 K-1)[167] or by a mismatch in the number of carbon 
atoms produced by decomposition of SiC and required to form a continuous layer of graphite. 
More than two layers of SiC are required to produce enough atoms for a graphene monolayer. 
Moreover, terraced structure of SiC surface may also trigger the wrinkling as the graphene 
formation starts on these steps (Figure 4-20b). 
In-plane crystallite size (La) of graphite calculated from Raman spectra using 
Tuinstra-Koenig equation is increased from 16nm to 81nm by increasing vacuum annealing 
temperature from 1800 to 1900ºC. 
 
 
 
 
Figure 4-21 Raman spectra  (G´ or 2D band) of graphene (a) produced at different 
temperatures in comparison(b) with Raman spectra of different number of graphene layers 
[159]. 
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Carbon structures on (000-1) C face 
Investigation of the C face of SiC showed a graphite coating with graphene sheets 
aligned parallel to the surface at 1400-1500C (Figure 4-22a). SEM studies showed that at 
1600ºC and higher temperatures the transformation is still conformal (original scratches on 
the C face of the wafer can be seen, Figure 4-22b,c). However, SEM study of fracture 
surfaces showed that, at temperatures above 1600ºC, carbon coating is a mixture of curved 
and planar graphite walls standing normal to the surface (Figure 4-22d). Therefore, no 
homogeneous CNT formation was observed in high vacuum (10-6 Torr) experiments unlike 
reported by Kusunoki et al.[126].  
 
 
 
Figure 4-22 Carbon structures formed on SiC (000-1)C face after vacuum annealing for 4 hr 
at (a) 1400ºC, (b) 1600ºC and (c) 1900ºC. 
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4.3.2.2 Explanation to the different decomposition behavior of Si and C Faces: Effects 
of initial surface conditions on decomposition rate of SiC 
Effect of surface oxides 
It is well known that SiC has a native oxide layer on the surface. Therefore, carbon 
formation first requires the decomposition of the surface oxide, secondly breaking of the Si-C 
bonds and finally, rearrangement of free carbon atoms. Therefore, the stability of surface 
oxides is very important for carbon formation. In order to clarify the different decomposition 
behavior of Si and C face; the effect of initial surface conditions: native oxide layer, defects 
and impurities is examined.  
The oxide layers on C- and Si-terminated faces of SiC differ in composition and 
structure [168, 169]. The oxide layer is directly connected to the topmost SiC bilayer by a Si-
C bond on (000-1), while a linear Si-O-Si bridge makes the contact on (0001). The latter 
structure leads to a stronger bonding and a slower decomposition rate of the Si face. Zinovev 
et al. [105] observed a thicker oxide layer on the Si face compared to the C face.  
X-ray photoelectron spectroscopy (XPS) analysis of SiC wafers detected SiOxCy on 
C(000-1) face and SiO2 and SiOvCW on the Si face of SiC[168]. The oxygen content of 
SiOxCy on C face was higher than that of SiOvCW on the Si face. Therefore, the thermal 
stability of the surface oxides at elevated temperatures (>1300ºC) was thought to be high in 
the order of SiO2 on Si face, of SiOxCy on C face and SiOvCW on the Si face. Moreover, 
Cristiansen et al.[170] investigated the anisotropy of the thermal oxidation of 6H-SiC and 
reported the maximum oxidation rate was observed on the C(000-1) face and the minimum 
rate on Si(0001) face. Based on these data, the temperature at which rearrangement of C 
atoms on Si face is higher than that on C face which can explain the slower decomposition 
rate and more ordered carbon structures formed on Si face. 
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Effect of Surface morphology 
Optical microscope observations revealed a high scratch density on the C face 
compared to the smooth Si face (Figure 3-8). SEM studies of the wafer surfaces showed that 
defects (scratches) or impurities (fingerprints) on the surface of SiC lead to nonplanar carbon 
growth. Raman spectra also showed a higher intensity of D-band in these regions, suggesting 
deviation from a perfect graphite structure. 
 Since the oxide layer passivates the surface, the decomposition rate of the SiC is 
faster when the oxide layer is physically or chemically disrupted. Nonuniform removal of the 
oxide layer at defective and rough regions and accelerated evaporation of Si atoms would 
result in local exposure of SiC surface and therefore a nonuniform nucleation of carbon 
clusters leading to the curved and up-standing graphitic structures.  
To prove this hypothesis, we both introduced scratches to damage the oxide layer 
(Figure 4-23a) and patterned it (Figure 4-23b,c) using organic materials and permanent 
markers that contain carbon, reducing silica. Both scratching and surface painting led to 
accelerated transformation of Si and C face to carbon. Moreover, CNT growth was observed 
on both faces in painted regions (Figure 4-23c). 
 
 
 
Figure 4-23 Accelerated transformation of Si face to carbon at 1700C induced by (a) a 
scratch on Si face (b,c) by surface painting of Si and C face, respectively. 
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4.3.2.3 Effect of oxygen on carbon structures formed 
In order to investigate the effect of oxygen on carbon structures formed on SiC, we 
decreased the vacuum in the chamber from 10-6 to 10-4 Torr. On Si face a thicker graphite 
film was formed with wider wrinkles (up to 50 nm) (Figure 4-24). Wrinkle height was 
measured from AFM images and was around 3-6 nm. 
 
 
 
 
Figure 4-24 (a) SEM and (b) AFM images of the graphite coating formed on Si face after 
vacuum annealing for 4h at 1900ºC in low vacuum (1x10-4 Torr). At this temperature 
wrinkles become wider (up to 50 nm) and surface steps are not visible any longer. Wrinkle 
height is around 3-6 nm. Graphite flakes are visible. RMS roughness = 2-2.5 nm.  
 
 
 
However, on C face at 10-4 Torr, the transformation was not as conformal as in high 
vacuum (Figure 4-25) and surface features are not always conserved. Moreover, SEM study 
of fracture surfaces of the carbon coating produced at low vacuum suggests that this carbon is 
primarily nanotubular with eventual graphite walls growing normal to the surface (Figure 
4-25b). 
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Figure 4-25 Dense CNT forest formed on C face by vacuum annealing for 4hr at 1900C in 
low vacuum. 
 
 
 
It is known that there are two modes of oxidation of the SiC surface: passive 
oxidation, in which SiO2 layer is formed on SiC surface passivating the surface; and active 
oxidation, in which the silicon containing products are gaseous, such as Si or SiO [171-175]. 
Figure 4-26 shows a phase diagram for the interaction of O2 with SiC surface [175].   
 
 
 
Figure 4-26 Phase diagram for the interaction of O2 with the 6H–SiC (000-1) face showing 
the active–passive boundary [175].  
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Si removal from SiC could have two possible paths [136, 175]: SiC decomposition 
and active oxidation, as shown in following reactions,  
SiC(s)   Si(g) + C(s)        4-2 
SiC(s) +1/2O2(g)   SiO(g) + C(s)      4-3 
The rate of SiC active oxidation reaction (Reaction 4-3) is faster than that of SiC 
decomposition (Reaction 4-2) [175].  
Additionally, Taking into account that all lining and heating elements inside the 
vacuum furnace are made of carbon, carbon transport may occur in the presence of oxygen 
by reaction 4-4. 
2C(s) + O2(g)  2CO(g)       4-4 
These results suggest that at higher oxygen pressures, C formation rate is increased 
due to the following parallel processes taking place: SiC decomposition, SiC active oxidation 
and a gas phase carbon transport. 
 
Effect of graphite presence 
To prove the hypothesis, that carbon transport occurs from carbon lining, we placed 
SiC wafers with the Si face and C face down onto graphite plates, assuming that a short 
distance (compared to the transport from the crucible or remote furnace heaters) would assist 
and accelerate the transport.  
This experiment produced a much thicker CNT coating on C face (~9 micron). And 
the surface features were lost (Figure 4-27a,b). Moreover, this time nanotube carpets were 
formed on Si face as well (Figure 4-27c). These nanotubes were shorter but more ordered.  
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Figure 4-27 SEM micrographs of CNTs formed after 4 hr at low vacuum (10-4 Torr) at 
1900C on (a,b) C face and (c) Si face. (Synchronous tilting of nanotubes after scratching the 
surface shows that their sides are not interconnected and they are free to slide against each 
other.) 
 
 
 
Effect of CO2 
To further corroborate the observed effect of carbon transport through the gas phase, 
we let a small amount of CO2 into the vacuum chamber through a leak valve. This led to a 
CNT coating on both C and Si faces, where single nanotubes were observed protruding from 
the surface (Figure 4-28b), suggesting growth from an external carbon source.  
Thus, carbon deposition by gas-phase transport at a low partial pressure of oxygen 
contributes to the growth of nanotubes upon decomposition of SiC. Further increase in the 
partial pressure of oxygen (addition of air instead of CO2) led to a decreased thickness of the 
coating due to oxidation of carbon. Addition of CO led to stable CNT growth, similar to CO2. 
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Figure 4-28 SEM micrographs of CNTs formed (a) on C face (thickness = 400nm (b) on Si 
face (thickness = 310nm) by annealing for 4 hrs at 1700C in CO2.  
 
4.4 Characterization and Properties of Highly ordered CNTs produced on Si face 
4.4.1 Raman spectroscopy analysis 
In order to characterize the CNTs produced by low vacuum annealing (10-4 Torr) of 
Si face at 1900ºC, for 4 hr, scratches were formed on the coating (Figure 4-29a). This enabled 
us to observe single tubes laid in the scratched region (Figure 4-29b,c). 
 
 
 
 
 
Figure 4-29 (a) low magnification SEM image (b) schematic drawing of the CNT carpet 
scratched surface, produced by annealing the Si surface at 1900ºC, for 4 hr (P=10-4 Torr) (c) 
Single nanotubes lying in the scratched region. 
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Raman spectra showed a strong and narrow G-band and an order of magnitude lower 
D-band, when recorded from the fracture surface (side surface of CNT) compared to the film 
surface (Figure 4-30). This confirms that CNT walls, not fractured graphene edges, which 
would produce a stronger D-band, are exposed on the fracture surface. Radial breathing 
modes (RBM) were observed at 195 cm-1.  
 
 
 
Figure 4-30 Raman spectra of CNT carpets recorded from top and side surface. CNT carpet 
was produced by annealing the Si face for 4 hr at 1900ºC (P=10-4 Torr). 
 
 
 
The diameter of the SWNT can be estimated from the RBM peaks since the RBM 
frequency is inversely proportional to the diameter of SWNT [176] following the equation:  
R ~ 224 (cm-1 nm) /R        4-3 
where R is the RBM frequency and R is the tube diameter. According to this equation the 
diameter of SWCNTs is found to be about 1.3 nm. 
CNTs, formed on the Si face by annealing for 4hrs at 1700C and 10-4 Torr in the 
presence of CO2, were also characterized in detail. Raman analysis of these nanotubes 
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showed radial breathing modes (RBM) at 157-285 cm-1 corresponding to the SWCNTs with 
diameter of about 0.8-1.6 nm (Figure 4-31a). This can be a signal from either resonantly 
enhanced SWCNTs, observed in the sample (Figure 4-31c), or from inner and outer shells of 
double- and triple-wall nanotubes (Figure 4-31d-f), which constitute most of the tubes, at 
least at 1600-1700°C. Eventually, weak peaks at larger wavenumbers were observed.  
 
 
 
 
 
Figure 4-31 Raman spectra and TEM micrographs showing presence of small-diameter 
nanotubes.  (a) RBM range of typical Raman spectra obtained at three different excitation 
wavelengths. Different nanotubes are resonantly enhanced by different lasers. (b) TEM 
image of a CNT brush. (c), TEM image of a SWCNT. (d-f) CNTs built of 2, 3 and 4 
graphene layers. Both open and dome-capped CNTs can be seen in (e). All spectra and 
images come from CNTs formed on the Si face by annealing for 4hrs at 1700C and 10-4 Torr 
in the presence of CO2.  
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The notch filter of the spectrometer made it difficult to record peaks at lower 
wavenumbers corresponding to larger nanotubes, which were observed in TEM (Figure 
4-31e,f).  High-intensity RBM modes show for the first time that CNTs produced from SiC 
are comparable to catalytic CVD-grown tubes (Figure 4-32) and are present in bulk quantities 
in the films, as more than a thousand of tubes could be within the laser spot. This comparison 
shows that Raman spectra of nanotubes on SiC resemble those of DWCNT[177] and 
substantially differ from MWCNT spectra [147] recorded under the same conditions (633 nm 
excitation wavelength).  
TEM studies showed that most CNTs have 2-4 walls (Figure 4-31d-f), with a few 
SWCNTs present (Figure 4-31c). While some tubes with dome-like tips were found (Figure 
4-31e), some of them were open-ended. A higher intensity of Raman G´-band compared to 
G-band in SiC-derived CNT (Figure 4-21b) indicates the presence of thoroidal nanotube tips 
[29], confirming TEM observations. No traces of catalyst or carbon cages left from catalyst 
evaporation have been observed. While some experimental studies [117, 119, 122, 132-134, 
136, 137, 178]  have demonstrated dome-like structures of 2-5 nm in diameter at the initial 
stage of SiC decomposition, open nanotubes should either nucleate from carbon chains and 
rings that earlier molecular dynamics simulations predicted on SiC surface at high 
temperatures [179], or be opened by oxidation of pentagons in the tube tips by oxygen 
species in the environment.  
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Figure 4-32 Comparison of Raman spectra of SiC-derived CNTs with those of DWCNT and 
small-diameter MWCNT.  TEM inset shows a DWCNT in the CNT film on SiC grown at 
1700°C at 10-4 Torr. (laser=633nm) 
 
 
4.4.2 Calculation of density of the coating and number of extra carbon atoms 
needed for CNT formation 
We have calculated the number of extra carbon atoms needed to make up the 
CNT coating for different type of CNTs. We assumed that the formed CNTs were zigzag 
and arrange in close packed configuration through the coating as shown in Figure 4-33 
for a multiwall CNT. As the volume we took hexagonal prism so that the space can be 
filled (Figure 4-33). 
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Figure 4-33 A model for the close-packed CNT coating  
 
 
 
The number of extra carbon atoms needed per volume, can be calculated from the 
following equation: 
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Based on these calculations the number of extra carbon atoms needed for the 
formation of different CNTs are given in Table 4-2. A plot of atomic number density of extra 
carbon atoms versus diameter shows that as the diameter of SWNT increases the extra carbon 
atom needed decreases (Figure 4-34). 
 
 
Table 4-2 Calculated coating density and number of extra carbon atoms needed to form 
specified SWCNT, DWCNT and MWCNT. 
 
CNT Type Diameter (nm) Nextra C atoms needed (atoms/nm3) 
Density of CNT 
coating (g/cm3) 
10,0 SWCNT 0.78 72 2.40 
12,0 SWCNT 0.94 57 2.11 
14,0 SWCNT 1.10 46 1.89 
15,0 SWCNT 1.17 42 1.80 
16,0 SWCNT 1.25 37 1.71 
19,0 SWCNT 1.49 27 1.50 
21,0 SWCNT 1.64 21 1.38 
22,0 SWCNT 1.72 18 1.33 
25,0 SWCNT 1.96 11 1.20 
30,0 SWCNT 2.35 3 1.02 
21,0 DWCNT (inner diameter:0.78 2.34 39 1.75 
38,0 MWCNT (4 walled) (inner diameter:0.78) 2.97 55 2.05 
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Figure 4-34 Calculated number of extra carbon atoms needed with respect to the diameter of 
SWCNT. 
 
 
 
 
We also calculated some possible values of the coating density (Table 4-2) from: 
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the unit cell of SiC where there are four carbon atoms in a volume of 0.082nm3. Hence the 
density of the coating is calculated as: 
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which is significantly higher than in catalytic CVD growth of any kind of nanotubes [180]. 
Moreover, TEM and Raman studies showed that CNTs, formed on the Si face by annealing 
for 4hrs at 1700C and 10-4 Torr in the presence of CO2, were composed of DWNT and 
MWNT with inner diameter of about 0.8-1.6 nm. In this case the density should be even 
higher (2.05g/cm3 from Table 4-2) which can provide better mechanical properties. 
 
4.4.3 Properties of the CNTs  
4.4.3.1 Oxidation resistance 
Absence of metal catalyst led to an improved oxidation resistance of SiC-derived 
CNTs compared to DWCNT or MWCNT produced by catalytic CVD (Figure 4-36a). 
Thermogravimetric curves are recorded in air for carbon on SiC produced by annealing at 
1900°C in comparison with DWCNT, MWCNT and carbon black. The onset of oxidation 
shifted by about 150C compared to DWCNTs of a comparable size and by 100°C compared 
to MWCNTs, approaching that of highly graphitized and very pure carbon black.  
Raman spectra of the films clearly show RBM modes after heating to 580 °C (Figure 
4-35b), while CVD DWCNTs were completely oxidized after heating to this temperature 
(Figure 4-35a).   
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Figure 4-35 (a) Thermogravimetric curves recorded in air for  carbon on SiC produced by 
annealing at 1900°C in comparison with DWCNT, MWCNT and carbon black. (b) 
Comparison of Raman spectra of SiC-derived CNTs before and after oxidation in air. High 
oxidation resistance of catalyst-free CNTs has been demonstrated. Samples were heated to 
580°C at 5°C/min. Spectra were recorded from the surface of the film, leading to a higher D-
band intensity. 633 nm excitation wavelength was used. 
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4.4.3.2 Mechanical properties 
Indentation experiments on CNT films show the stress-strain curves (Figure 4-36), 
which are qualitatively similar to the load-displacement behavior observed for 25-nm 
MWCNTs partially released from an alumina membrane [181]. Continuous stiffness 
measurement was performed to determine the modulus change as the indenter penetrates the 
nanotube film. Stress-strain diagrams were calculated following the technique described in 
ref. [150]. 
Three stages are clearly seen on the curve. Initially, compression of CNTs occurs 
(E=28±4 GPa, H=1.3±0.4 GPa at 30 nm displacement into sample). The sudden decrease in 
the slope corresponds to CNT buckling or bending. The resistance to penetration of the 
indenter decreases when it pushes the tubes aside. Finally, indentation of the carbon-covered 
SiC leads to a strong increase in the slope with the modulus and hardness approaching that of 
SiC. 
The CNT brush had a respectable level of the mechanical properties (Figure 4-36) 
with the modulus of elasticity 1-2 orders of magnitude higher compared to a CVD CNT 
turf.[182]. This can be explained by a much higher density of the tubes per unit area. This 
may be of extreme importance for making selective CNT membranes for gas or liquid 
filtration/separation or CNT coatings for tribological applications [183].   
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Figure 4-36 A typical stress-strain curve obtained on the CNT film grown on the Si face of 
SiC at 1700°C with CO2 addition.  
 
 
 
4.4.4 Patterning of the CNTs 
We showed that roughening or seeding with carbon atoms and fluxing/reduction of 
the silica film can lead to a localized growth of nanotubes on the Si face of SiC wafers. This 
offers an exciting opportunity for patterning SiC wafers and manufacturing conducting 
graphene layers (electrodes) on the wafer surface and nanotube arrays embedded in the 
wafer. Devices built in this way can be used in applications from sensing to field emission 
[184].  
Feasibility of device fabrication has been also demonstrated by sputtering carbon 
films on the Si and C faces, as well as chemical patterning of the surfaces. Examples are 
shown in Figure 4-37. Sputtering of carbon formed a diffusion barrier and suppressed growth 
of CNT on the C face, allowing tubes to grow only on the coating-free area (Figure 4-37a,c). 
In contrast, CNTs only grew on the chemically modified area on the Si face, with a 
conductive graphite film covering the rest of the surface (Figure 4-37d,e). It is important to 
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note that both graphite and catalyst-free tubes can be grown directly on a semiconductor SiC 
wafer and a dielectric (silica) can be added by prior oxidation or sputtering, with no 
impurities introduced. This opens opportunities for development of unique metal-free high-
temperature electronic devices in the Si-O-C system. These CNTs are embedded in the 
substrate with the tubes not rising above the wafer surface. This confirms a conformal 
transformation of SiC into CNT and may offer significant advantages in device fabrication. 
Oxidation of tube arrays patterned on the surface (Figure 4-37) will lead to deep etching of 
SiC, which can be used for fabrication of micro-electro-mechanical systems (MEMs). 
 
 
 
 
 
Figure 4-37 Patterning of SiC wafers. (a) Deposition of amorphous carbon shields the SiC 
surface and nanotubes are only formed on the open areas of the C face. (b) Optical 
micrograph of the wafer surface with CNT and graphite pattern produced by using a TEM 
grid as a mask for a-C deposition. Silica or silicon nitride can be used for masking, if an 
insulating surface coating is needed. (c) SEM micrograph showing the boundary between the 
sputtered and open areas. (d) Coating with a fluxing agent that helps to remove the native 
silica films leads to localized formation of CNTs on the Si face of SiC. (e) SEM micrograph 
showing that CNTs grow on the patterned areas, while graphite covers the remaining surface. 
Wafers were treated at 1700°C. 
 
  
105
4.5 Explanation of the carbon formation on SiC at high temperatures (T>1400ºC) 
Our work shows that both graphite and CNT formation are possible on either Si or C 
face depending on the surface morphology and experimental parameters. Model structures 
together with experimental parameters are illustrated in Figure 4-38. 
 
 
Figure 4-38 Models of the atomic structure of (a) SiC crystal, (b) graphite growing on both 
faces at moderate temperatures, (c) CNTs growing on the C face at high temperatures and (d) 
CNT formation on both faces of SiC. 
 
 
 
When Si atoms leave the structure, the rearrangement would be expected to be in the 
planes that have the lowest C-C distance. The highest number of carbon atoms is found on 
{111} planes in cubic structure and {0001} plane in hexagonal structure. Our observations 
also confirmed that carbon reorganized in these close-packed planes. However, surface 
roughness and the rate of Si atom removal may change the direction of graphite fringes 
formed at the surface ( 
Figure 4-39). We have observed graphene sheet formation parallel to the SiC surface 
in both whiskers and wafers when the surface is smooth (decomposition is uniform). Once 
continuous thin graphene layers forms on the surface, it acts as a diffusion barrier decreasing 
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the rate of Si atoms diffusion to the surface. Therefore, thin and highly ordered graphite 
forms upon further annealing (as observed on Si face at high vacuum annealing). On the 
other hand, roughness – by both increasing the surface area and distorting the passivating 
silica layer – results in accelerated  and inhomogeneous Si removal and hence formation of 
graphitic structures both parallel and perpendicular to the surface which we have observed in 
high vacuum annealing of C face. 
 
 
 
 
Figure 4-39 Comparison of the decomposition of  (a) smooth and (b) rough SiC surfaces.  
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Moreover, when the surface decomposition is not uniform, the local carbon atoms 
may agglomerate forming islands at the surface, which curve in order to eliminate dangling 
bonds. Once carbon islands like CNT caps are formed at the surface further decomposition of 
SiC can follow {111} planes perpendicular to the SiC surface as shown in  
Figure 4-39b, and result in the formation of CNTs’ walls. It is found that the addition 
of carbon from outside prompts the tubular structure formation. 
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5 CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK 
5.1 Conclusions  
Single crystalline 3C-SiC whiskers and 6H-SiC wafers were used as a model to understand 
the transformation mechanism of SiC to carbon by high temperature treatment in chlorine 
and vacuum decomposition. 
 Carbon formation requires following consecutive steps:  
1. Removal of the surface oxide: therefore, the stability of surface oxides is 
very important for carbon formation. 
2. Breaking of the Si-C bonds. 
3. Rearrangement of free carbon atoms: {111} planes present the highest 
density of atoms per cm2, therefore after the removal of Si atoms, carbon 
atoms preferentially self-organize along {111} planes, where the minimum 
atomic displacement is required. 
 Chlorination of SiC whiskers followed a linear reaction kinetics at 700ºC, which 
allows precise control over the coating thickness.  
 Disordered carbon is formed on SiC whiskers by chlorination between 600ºC – 
1200ºC, and on C face of 6H wafer at 1200ºC. 
 Chlorination revealed dislocations in SiC whiskers and on the Si face of SiC 
wafers. Removal of carbon coating by oxidation exposed triangular pits on SiC 
whiskers and hexagonal pits on the Si face of 6H-SiC wafers, which are common 
chemical etching patterns for dislocations in cubic and hexagonal SiC, 
respectively. 
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 Electroless chemical etching of SiC in a mixture of HF and HNO3 showed a 
different selectivity mechanism from chlorination, in that the etching rate of 
hexagonal SiC (stacking faults) was higher than that of cubic SiC. Therefore, in 
electroless etching, stacking faults were etched selectively resulting in the 
formation of pagoda-like 3D nanostructures which may have a potential for use as 
sensors, due to a very high surface area, and as building blocks in nanodevices. 
 For both, whiskers and wafers, we found that the transformation from SiC to 
carbon is conformal, preserving the morphology of the initial sample. This shows 
that the CDC synthesis technique can generate uniform carbon coatings on carbide 
substrates of complex shape. 
 A longer incubation period is observed by etching whiskers in HCl compared to 
pure chlorine. One of the possible explanations is the presence of a native oxide 
on the surface of SiC that is more resistant to HCl. Moreover, the carbon structure 
is found to be more ordered and containing curved (fullerene-like) features. 
 Experimental results showed that it is possible to tailor the carbon structure 
(amorphous, fullerene-like, graphene, graphite, or CNT) by controlling the 
following parameters.  
o Extraction technique (chlorination in Cl2 or HCl, vacuum annealing) 
o Residual gases (O2, CO2, etc.) 
o Reaction temperature and time  
o Surface polarity (Si or C face) 
o Dimension of the sample (whisker, nanowhisker, wafer) 
o Surface morphology (roughness, defects, oxide layer) 
o Surface impurities 
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 Thin graphene layers formed parallel to surface on the Si face upon vacuum 
annealing. It is important to mention that graphene sheets, while producing high-
quality Raman spectra with a weak or no D-band, always contained wrinkles. 
Since vacuum decomposition of SiC is widely used to produce graphene, this may 
affect its electronic properties. We discussed the possibility that these wrinkles 
could be mistaken by Avouris’s group for SWNTs. 
 Accelerated CNT formation on both Si and C faces of SiC wafers was observed by 
vacuum annealing in the presence of oxygen. This was explained by additional 
processes such as active oxidation of SiC and carbon transport through the gas 
phase, in addition to accelerated SiC decomposition by introducing oxygen into 
the system. 
 The role of carbon transfer through the gas phase in CNT growth on both wafer 
faces was observed when CO2 and CO were added to the furnace. Both led to the 
formation of CNTs on Si and C faces. 
 CNTs synthesized on the Si face were characterized by: 
o Strongly pronounced RBM modes in Raman spectra and TEM images that 
show formation of small-diameter nanotubes with 1-4 graphene walls.  
o CNT brushes grown on SiC have a significantly higher density than CVD 
nanotubes, leading to improved mechanical properties of the brush. They 
are catalyst free and have a high oxidation resistance upon heating in air, 
withstanding temperatures of 100-150°C higher than DWCNT or 
MWCNTs produced by catalytic CVD growth.  
o Patterns of graphite and catalyst-free nanotubes can be grown 
simultaneously and directly on a semiconductor SiC wafer. Oxidation of 
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patterned tube arrays leaves deep grooves on SiC surfaces and can be used 
for etching SiC wafers. 
5.2 Suggestions for future work 
 Optimizing the process parameters for high-density, aligned, catalyst-free SWNT 
formation would be a major breakthrough in CNT synthesis. Further control of 
the structure can be achieved by the combination of two (chlorination and vacuum 
annealing) methods. For example, first curved structures can be produced by 
chlorination in HCl on SiC wafer. Since this process will already remove silica 
layer and form caps, vacuum annealing of this sample at lower temperatures in 
CO2 environment can produce more ordered CNTs with thinner walls.  
 Moreover, it would be interesting to find out if chirality of the CNTs produced by 
vacuum decomposition can be controlled by the carbide lattice or crystal 
orientation. 
 Study of vacuum decomposition kinetics and activation energy calculations are 
necessary for further understanding and control of the process. 
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APPENDIX A: LIST OF SYMBOLS AND ABBREVIATIONS 
 
-SiC  Hexagonal SiC 
-SiC  Cubic SiC 
  Wavelength  
d   Carbon-layer thickness 
k   Linear rate constant 
ID  D-band intensity 
IG   G-band intensity 
La  In-plane crystallite size of graphite  
P  Pressure 
R   Tube diameter
T  temperature 
t  time  
R   RBM frequency  
AFM  Atomic force microscopy 
CDC  Carbide derived carbon 
CNT  Carbon nanotube 
DWCNT Double-wall carbon nanotube 
EDS  Energy-dispersive X-ray spectrometer 
EELS  Electron energy loss spectroscopy 
HRTEM High resolution transmission electron microscopy 
LO  Longitudinal optical 
MEMs  Micro-electro-mechanical systems 
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MWCNT Multi-walled carbon nanotube 
OM  Optical microscopy 
RBM   Radial breathing modes 
SAD  Selected area diffraction  
SEM  Scanning electron microscopy 
SF  Stacking fault 
STM  Scanning tunneling microscopy 
SWCNT Single-wall carbon nanotube 
TEC  Thermal expansion coefficient 
TEM  Transmission electron microscopy 
TO  Transversal optical 
XPS  X-ray photoelectron spectra 
XRD  X-ray diffraction 
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